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I .  Abstract 


This  report  summarizes  progress  during  the  1984-85  fiscal  year  of  a 
research  program  to  study  grain  refining  and  microstructural  modifications 
during  sol idificction,  as  affected  by  supercool ing,  solidification  rate, 
and/or  innocul ation.  The  report  covers  results  of  the  current  investigations 
on  the  kinetics  of  peritectic  reactions  during  solidification  of  binary  Al-Ni 
alloys,  and  high  temperature  phase  transformations  in  binary  Cr-Ni  alloys.  I 
addition,  the  report  contains  results  of  three  other  completed  projects 
related  to  grain  refining  in  Cu-Fe  alloys,  thermomechanical  processing  of 
rapidly  solidified  Al-Li-Mg-Zr  alloy  powder,  and  purification  of  Nb  by 
electromagnetic  levitation  melting. 


II.  KINETICS  OF  PERITECTIC  REACTIONS  IN  AL-NI 


Peritectic  reactions  pi  ay  an  important  role  in  determining  structure  and 
properties  of  many  commercial  alloys.  In  spite  of  the  fact  that  peritectic 
reductions  occur  as  frequently  as  eutectics,  they  have  received  less  attention 
than  the  eutectic  reactions.  This  is  in  part  due  to  the  complexity  of  the 
peritectic  reaction;  a  peritectic  reaction  involves  dissolution  and  growth, 
whereas  a  eutectic  reaction  involves  only  growth.  Another  difficulty  in 
studying  peritectic  reactions  is  due  to  the  fact  that  the  nucleation  behavior 
of  the  peritectic  phase  is  affected  not  only  by  the  thermal  conditions  but 
also  by  the  amount,  morphology,  and  nucleation  potency  of  the  primary 
(properi tectic)  phase.  If  the  peritectic  phase  is  not  easily  nucleated  on  the 
properitectic  phase,  the  latter  may  continue  to  grow  and  suppress  the 
peritectic  reaction  to  lower  temperatures.  If,  on  the  other  hand,  growth  of 
the  primary  phase  is  incomplete,  which  might  be  the  case  during  rapid 
solidification  or  solidification  of  facet  forming  intermetal  1  ics,  the 
nucleation  of  the  second  phase  could  occur  at  a  composition  and  a  temperature 
different  than  the  equilibrium.  An  example  of  this  type  of  behavior  is  found 
in  the  A1 -Ti  system  [1 ]. 

The  major  goal  of  this  program,  therefore,  is  to  study  the 
microstructure,  volume  fractions  and  compositions  of  peritectic  alloys  as  a 
function  of  cooling  rate  and  surface  area  of  the  properitectic  phase.  The 
peritectic  systems  currently  being  studied  involve  N  i  A  T  3 ,  Ni^A^,  and  NiAl 
intermetal  1  ics  by  the  following  reactions: 


Liquid  --->  NiAl 


Liquid  +  NiAl  --->  N i gAl 3 
Liquid  +  NioAlj  --->  N i A1 3 


The  phase  diagram  for  the  system  is  shown  in  Figure  1  [2].  N i A 1  phase  has  an 
ordered  BCC  (CsCl  type)  structure,  whereas  N i 2 A 1 3  has  a  hexagonal  structure, 
which  can  be  formed  by  introducing  and  ordering  of  vacancies  in  the  BCC 
lattice.  N i A 1  3 ,  on  the  other  hand,  has  an  orthorhombic  structure  of  Fe?C 
type . 

Experimental  Procedure 

Samples  with  nominal  compositions  of  30,  35,  39.6  or  42  wt.%  Ni,  each 
weighing  about  one  gram,  were  prepared  from  99.999%  pure  Ni  and  99.999%  pure 
A1  by  arc  melting  in  an  inert  atmosphere  on  a  water  cooled  copper  hearth.  The 
inert  atmosphere  consisted  of  titanium  "gettered"  helium  and  argon.  Each 
sample  was  then  levitated  in  an  inert  atmosphere  in  an  electromagnetic 
levitation  apparatus  described  previously  [3],  In  order  to  achieve  different 
cooling  rates  and  surface  area  of  the  primary  phase,  the  samples  were 
solidified  by  one  of  the  following  techniques: 

a)  The  levitated  samples  were  solidified  at  the  levitated  state  by 
increasing  the  gas  flow  rate,  or  by  dropping  in  water  or  molten  Pb-Sn-Bi 
eutectic  held  at  96°C.  Some  samples  were  also  dropped  in  a  copper  cup 
rotating  at  30,000  rpm,  or  were  splat  cooled  in  a  hammer-anvil  type  splat 
cool ing  device. 

b)  The  levitated  and  molten  samples  were  cooled  to  about  40°C  above  the 
peritectic  temperature  (855°C).  The  primary  solid  plus  liquid  was  held  at 
this  temperature  for  a  period  up  to  7  minutes,  then  quenched  through  the 
peritectic  transformations  by  one  of  the  above  mentioned  techniques. 

The  cooling  rates  in  the  samples  were  determined  by  constructing  a 
dendrite  arm  spacing  versus  cooling  rate  master  curve.  To  achieve  this,  an 
ingot  with  a  water-cooled  copper  chill  was  prepared  with  thermocouples 


positioned  at  1 ,  10,  20,  and  40  mm  from  the  chilled  surface.  After 
solidification,  the  ingot  was  sectioned,  polished  and  the  dendrite  arm 
spacings  were  determined  at  the  location  of  thermocouples.  The  cooling  rate 
was  determined  from  the  slope  of  the  output  of  the  thermocouples  versus  time. 

The  microstructure  of  the  as-quenched  samples  were  analyzed  using  optical 
microscopy  and  SEM.  The  volume  fractions  of  N^Alj,  Ni A1  3,  and  N i A 1  3  +  A1 
eutectic  were  determined  by  an  image  analyzer  interfaced  to  the  SEM  operating 
in  the  backscattered  mode.  The  volume  fractions  determined  from  the  image 
analyzer  were  also  checked  by  using  a  quantitative  x-ray  diffraction  technique 
of  the  powdered  samples.  The  x-ray  technique  adopted  in  this  work  is  based  on 
the  method  of  "direct  comparison"  where  the  volume  fraction  of  each  phase  is 
determined  by  comparing  the  ratio  of  the  integrated  intensities  to  those  of 
standard  samples  [4].  The  standard  samples  were  prepared  by  annealing  known 
compositions  at  600°C  for  336  hours.  The  curves  relating  the  ratio  of  the 
corrected  integrated  intensities  to  the  Ni gAl 3/Ni A1 3  and  A1 /NiAl 3  ratios  in 
the  standard  samples  are  shown  in  Figures  2  and  3,  respfcti  vely.  These  curves 
were  utilized  to  determine  the  volume  fractions  in  the  as-quenched  samples. 

Results 


Cooling  Rate'  Determinations 

The  dendrite  arm  spacings  for  both  the  primary  and  peritectic  phases 
versus  cooling  rate  are  shown  in  Figure  4.  The  equations  correlating  the 
secondary  arm  spacing  to  the  cooling  rate  for  these  phases  were  determined  to 
be: 

DAS  =  76C-0-37 
DAS  =  23e'0-13 
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where  DAS  is  the  arm  spacing  in  pm,  and  eis  the  cooling  rate  in  °C/s.  As  can 
be  seen,  the  peritectic  phase  does  not  lie  on  the  same  line  as  tne  primary 
phase.  The  reason  for  this  is  that  in  the  case  of  primary  N i 2A1 3  the  dendrite 
arm  spacing  is  governed  by  the  morphological  instability  of  the  interface 
behind  the  dendrite  tip  and  subsequent  coarsenings  of  the  arms.  The  spacing 
of  the  peritectic  dendrites,  on  the  other  hand,  depends,  in  addition  to  the 
above  mentioned  factors,  on  the  nucleation  kinetics  of  the  peritectic  phase  on 
the  primary  arms.  The  present  arm  spacings  versus  the  cooling  rate  results 
generally  agree  well  with  those  of  the  previous  investigators  [5,6].  They, 
however,  have  not  distinguished  the  difference  between  the  primary  and 
peritectic  spacings. 

The  measured  dendrite  arm  spacing  of  each  sample  and  Figure  4  were  used 
to  determine  the  cooling  rate  during  solidification.  In  general,  the  cooling 
rate  during  solidification  of  the  levitated  samples  by  passing  He  gas  was  in 
the  range  up  to  30°C/s.  The  cooling  rates  were  in  the  range  4  x  1 02  to  6  x 

102,  and  5  x  10^  to  8  x  10^  °C/s  for  water  quenched  and  molten  Pb-Sn-Bi 

quenched  samples,  respectively.  For  the  samples  solidified  in  the  rotating 

cup  the  cooling  rate  ranged  from  1 03  to  1 04  °C/s,  depending  on  the  sample 

thickness,  and  for  splat  cooled  samples  from  1 05  to  1 06  °C/s. 

Microstructures 

A  typical  microstructure  of  a  42  wt.%  Ni  sample  solidified  using  helium 
gas  is  illustrated  in  Figure  5,  where  three  phases  can  be  identified;  the 
light  colored  ^ "i 2A 7 3  primary  phase  is  surrounded  by  the  faceted  N i A 1  3  phase 
followed  by  the  dark  regions  correspondi ng  to  the  A 1 -Ni A 1 3  eutectic.  The 
effect  of  cooling  rate  on  the  microstructure  can  be  seen  in  Figures  6,  7  and  8 
for  three  samples  solidified  at  5  x  102,  5  x  1  02  and  1 06  °C/sec,  respectively. 
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It  can  be  seen  that  in  this  alloy,  despite  the  high  rate  of  cooling,  the 
faceted  NiAl 3  sti 1 1  forms  peri tectical ly  on  Ni^Al 3  and  there  i s  no  evidence  of 
independent  nucleation  of  the  NiAl 3.  The  higher  cooling  rates,  however, 
reduce  the  amount  of  the  primary  phase  with  a  corresponding  increase  in  the 
amount  of  the  peritectic  phase.  The  volume  fractions  of  the  constituent 
phases  at  the  various  cooling  rates  determined  by  the  image  analysis  are 
summarized  in  Figure  9.  As  the  cooling  rate  increases,  the  reduction  in  the 
volume  fraction  of  the  primary  phase  is  balanced  by  the  increase  in  the 
secondary  phase,  and  the  amount  of  eutectic  remains  approximately  constant. 

Figure  10  compares  the  volume  fractions  determined  by  x-ray  analysis  to 
those  of  the  image  analysis.  Considering  just  the  N i 2 A 1 3  and  NiAl  3  phases, 
the  agreement  between  the  two  measuring  techniques  is  very  good.  The  data 
points  fall  on  a  45  degree  line  slightly  offset  from  the  origin.  The  offset 
is  such  that  when  the  image  analyzed  sample  indicates  zero  volume  fraction, 
the  x-ray  analysis  would  suggest  approximately  4.5  percent  of  material 
present.  The  discrepancy  can  be  traced  to  the  inability  of  image  analysis 
technique  to  distinguish  between  porosity  and  eutectic  structure.  This  in 
turn  also  explains  the  poor  correlation  of  the  aluminum  content  measurements 
since  all  the  porosity,  and  hence  the  error,  is  associated  with  this  phase. 

The  reduction  of  the  primary  phase  content  by  increasing  the  cooling  rate 
can  be  seen  more  clearly  in  Figures  11-13  for  30  wt.%  Ni  samples.  The  slowly 
cooled  sample,  Figure  11,  contains  approximately  14%  N12AI3  as  compared  with 
approximately  6%  in  the  water  quenched  sample  shown  in  Figure  12.  The  primary 
phase  completely  disappears,  as  shown  in  Figure  12,  when  the  cooling  rate  is 
further  increased  by  quenching  in  molten  Pu-Sn-Bi  eutectic.  The  cooling  rate 
necessary  to  completely  suppress  the  formation  of  the  primary  N i 2 A 1 3  depends 
on  the  composition  of  the  alloy.  The  higher  the  nickel  content,  the  larger  is 
the  required  cooling  rate.  For  example,  with  a  composition  of  35.6  wt.%,  the 


cooling  rate  during  solidification  in  the  rotating  copper  cup  is  insufficient 
to  suppress  the  formation  of  the  primary,  as  shown  in  Figure  14.  However, 
increasing  the  cooling  rate  by  solidifying  in  the  splat  cooling  device 
completely  suppresses  the  primary  phase  formation  in  this  alloy.  The  absence 
of  N i 2 A 1 3  in  this  sample  was  also  confirmed  by  x-ray  analysis  which  detected 
only  the  presence  of  aluminum  and  NiAlg.  Increasing  the  composition  to  3S.o 
wt.£  Ni,  on  the  other  hand,  results  in  the  reappearance  of  the  N i 2 A 1 3  phase 
even  in  the  splat  cooled  samples. 

Surface  Area  Effects 

Photomicrographs  in  Figure  15  and  16  show  the  effects  of  holding  time  at 
890°C  on  the  shape  and  particle  size  of  the  primary  phase.  As  the  holding 
time  increases,  the  primary  N i oAl 3  phase  particles  coarsen  and  become  rounded. 
Some  particles  also  coalesce,  as  shown  in  Figure  16.  The  surface  area  of  the 
primary  phase  per  unit  volume  of  the  sample  decreases  from  0.068  to  0.047 
pm^/prn^  as  the  holding  time  increases  from  1/2  to  5  minutes.  It  should  be 
noted  that  the  isothermal  holding  not  only  produces  different  surface  areas, 
but  also  increases  the  volume  fraction  of  the  primary  phase. 

The  influence  of  surface  area  of  the  primary  phase  on  the  amount  of 
peritectic  phase  is  illustrated  in  Figure  17  for  samples  cooled  at 
approximately  5000°C/sec.  To  take  into  account  differences  in  the  volume 
fraction  of  the  primary,  the  volume  fraction  of  the  peri tectical ly  formed 
N i A 1  3  was  normalized  with  respect  to  the  volume  fraction  of  liquid  remaining 
after  solidification  of  the  primary.  The  normalized  volume  fraction  of  the 
second  phase  is  plotted  versus  the  surface  area  of  the  primary  phase  in  Figure 
18.  For  surface  areas  less  than  0.07  pm^/prn^,  Figures  17  and  18  show  that  a 
change  of  only  0.015  pm^/pm^  in  the  surface  area  of  the  primary  phase  is 


This 


sufficient  to  almost  double  the  amount  of  peritectical ly  formed  N i A 1 3. 
indicates  the  strong  effect  of  nucleation  kinetics  on  the  amount  of  the 
peri  tecti c  phase. 

The  effect  of  quenching  medium  on  the  normalized  second  phase  content  is 
snown  in  Figure  19  for  surface  areas  less  than  0.10  pm^/prn^  for  samples 
quenched  from  the  primary  solid  plus  liquid  region.  It  is  important  to  note 
that  in  addition  to  the  holding  time,  the  quenching  media  is  influencing  the 
surface  area  of  the  primary  phase.  This  is  due  to  the  effect  of  fluid  flow 
during  solidification  from  890°C  to  the  eutectic  temperature  on  the  existing 
solid  particles.  Our  recent  experiments  on  binary  Cu-Fe  alloys  (see  section 
IV  of  this  report)  have  demonstrated  the  ability  of  fluid  flow  to  break  up  the 
dendrite  arms  providing  grain  refinement.  The  dendrite  fragmentation  also 
manifests  itself  by  an  increase  in  the  surface  area  of  the  primary  phase.  In 
the  case  of  the  water  quenched  samples,  the  interaction  between  the  molten 
aluminum-nickel  and  the  water  has  apparently  provided  vigorous  stirring,  and 
considerable  dendrite  fragmentation.  The  surface  area  of  the  Pb-Sn-Bi 
quenched  samples  is  comparable  but  slightly  less  than  that  of  the  helium 
quenched  samples. 

Figure  20  plots  the  volume  fraction  of  the  peritectical  ly  formed  N i A 1 3  to 
the  surface  area  of  the  primary  phase  for  samples  quenched  from  completely 
liquid  at  cooling  rates  of  5  x  10^,  1 04,  and  10^  °C/sec.  Normalizing  the 
volume  fraction  measurements.  Figure  21,  shows  insensitivity  of  the  normalized 
volume  fraction  to  the  surface  area  of  the  primary  phase. 

Combining  the  normalized  volume  fractions  versus  surface  area 
measurements  for  the  Pb-Sn-Bi  quenched  samples  (Figure  18)  and  those  quenched 
from  the  completely  liquid  state  (Figure  21)  produces  Figure  22,  which  shows 
the  influence  of  surface  area  over  a  range  of  0.03  to  0.9  pm^/pnA  From  this 
figure,  two  regions  can  be  described:  At  surface  areas  less  than  0.07 


pm^/pm^,  a  small  change  in  the  surface  area  produces  a  very  drastic  increase 
in  the  amount  of  second  phase  material  indicating  that  nucleation  of  the 
peritectic  phase  in  dominating  the  peritectic  reaction.  At  higher  surface 
areas  the  normalized  amount  of  the  peritectic  phase  becomes  almost  independent 
of  the  surface  area.  In  this  region  the  growth  rates  are  dominating  the 
formation  of  N i A 1 3-  A  theoretical  model  is  being  developed  to  predict  the 
extent  of  the  peritectic  reactions  from  the  nucleation  and  growth  kinetics. 

Electron  Microscopy 

Transmission  electron  microscopy  was  used  to  investigate  the  Ni^AiyNiAl^ 

interface  and  determine  the  possible  orientation  relationships  between  the 

primary  and  the  peritectic  phases.  Interference  fringes  were  imaged  under  two 

beam  conditions  in  bright  and  dark  fields,  as  shown  in  Figure  23.  The  spacing 

of  the  fringes  was  measured  to  be  approximately  154  K.  As  can  be  seen,  the 

fringes  are  symmetric  in  the  bright  field  mode,  (i.e.,  there  are  an  even 

* 

number  of  light  and  dark  bands)  while  in  the  dark  field  mode  they  are 
asymmetric.  This  arrangement  of  fringes  is  typical  of  delta  boundaries, 
indicating  good  atomic  matching  at  the  interface  and  the  existence  of  stacking 
faults.  Within  the  fringes,  dislocations  produced  by  the  mismatch  of  the  two 
crystal  lattices  normally  should  be  visible.  In  these  samples,  however, 
interface  dislocations  were  not  found  and  attempts  to  image  the  dislocations 
in  different  diffracting  conditions  were  also  unsuccessful. 

The  closest  matching  at  the  boundary  was  found  for  the  conditions  of 
the  [0l2]  zone  axis  of  N i A 1 3  being  3  degrees  from  the  [?041]  zone  axis  of 
NigAlj.  Figure  24  gives  the  [Ol 2]  zone  axis  of  the  N i A 1 3  and  the 
corresponding  diffraction  pattern  of  the  N i gA 1 3  showing  the  slight 
misconfiguration  of  the  zone  axis.  A  tilt  of  approximately  3  degrees. 


shown  in  Figure  25,  brings  the  N i 2^1 3  to  its  [  4041]  zone  axis  and  moves  the 
NiAl  3  slightly  off  its  zone  axis.  This  suggests  that  complete  epitaxial 
matching  is  not  occurring  at  the  interface  but  the  misorientation  between 
the  crystal  lattices  is  not  large. 

III.  High  Temperature  Phase  Transformation  in  Cr-Ni  Alloys 

The  results  of  our  current  investigations  during  solidification  of  high 
purity  Cr-Ni  alloys  indicate  that  the  commonly  accepted  simple  eutectic 
diagram  of  the  binary  system  is  incorrect.  Microstructural  results  of  samples 
solidified  in  an  inert  gas  containing  very  low  oxygen  of  about  10"^  ppm 
indicate  the  existence  of  an  additional  peritectic  transformation  in  the  range 
of  60  to  70%  Cr.  The  peritectic  temperature  has  been  determined  by  a  two- 
color  pyrometer  to  be  around  1445°C.  The  preliminary  results  of  this  project 
were  published  in  the  MRS  Proceedings  1  984  (see  Appendix  A),  and  another  paper 
is  now  being  prepared  for  publication.  The  summary  of  some  of  the  current 
resul  ts  i  s  given  below. 

Thermal  arrest  points  obtained  during  non-equilibrium  solidification  of 
12  samples  in  the  composition  range  51  to  75  wt.%  Cr  are  shown  in  Table  1. 

The  data,  which  agree  well  with  the  previous  results  given  in  Appendix  A,  have 
been  superimposed  on  the  currently  accepted  simple  eutectic  diagram  [7]  and 
the  diagram  proposed  by  Yukawa  et  al.  [8]  in  Figures  26  and  27,  respectively. 
The  highest  thermal  arrest  point  of  each  sample  corresponds  to  the  1 iquidus 
temperature,  while  the  other  arrest  points  correspond  to  some  form  of  liquid 
to  solid  or  solid  state  transformation.  The  alloys  containing  51  and  60  wt.% 
Cr  show  only  two  thermal  arrest  points;  one  belonging  to  the  1 iquidus  and  the 
other  to  the  eutectic  temperature  where  the  last  liquid  solidifies.  When  the 
chromium  content  of  the  alloy  is  62  wt.%  or  higher,  additional  arrest  points 


are  observed  above  the  eutectic  temperature.  Microstructure  of  the  quenched 
samples  indicates  the  existence  of  a  peritectic  transformation  when  the  alloys 
contain  more  than  62  wt.%  Cr,  see  Figure  28.  The  peritectic  temperature  lies 
between  the  liquidus  temperature  of  alloys  with  60  and  62  wt.%  Cr,  i.e., 
between  1445  to  1458°C.  These  findings,  combined  with  our  previous  results, 
place  the  peritectic  temperature  at  1445  +  26°C.  The  peritectic  liquid 
composition  is  in  the  range  60  to  62  wt.%  Cr.  STEM  analysis  of  the  quenched 
samples  indicates  the  composition  of  the  peritectic  phases  from  60  to  70  wt.%. 
Other  features  of  the  diagram  or  the  exact  phase  boundaries  are  yet  to  be 
determined. 

Attempts  to  preserve  the  high  temperature  phases  by  various  rapid 
solidification  techniques  have  not  been  successful  so  far,  as  the  phases  go 
rapidly  through  solid  state  phase  transformations  and/or  precipitation.  We 
are  currently  utilizing  a  high  temperature  x-ray  diffraction  camera  to 
determine  the  crystalline  structure  of  the  high  temperature  phases  in  the 
al  loys.  The  x-ray  unit,  capable  of  heating  the  samples  to  2200°C  using  a  T a 
strip  heater,  can  be  operated  in  vacuum  or  inert  atmosphere. 

Diffraction  patterns  of  samples  containing  51  wt.%  Cr  quenched  from  the 
liquid  state  shows  the  presence  of  only  cx-Cr  and  y-Ni  phases.  The  lattice 
parameters  of  the  phases  are  2.89  and  3.62  X,  respectively,  indicating  that 
both  phases  are  supersaturated.  When  these  samples  are  heated  to  around 
1000°C,  extra  peaks  appear  that  do  not  belong  to  a-Cr  or  y-Ni.  The  ektra 
peaks,  however,  disappear  when  the  sample  is  held  at  1 300°C  for  approximately 
2  hours,  leaving  onlya-Cr  and  y-Ni  peaks.  Figures  29  and  30  show  an  x-ray 
scan  of  the  51  wt.%  Cr  sample  after  holding  at  1  300°C  for  20  minutes  and  for  2 
hours,  and  Table  2  summarizes  the  x-ray  data  for  the  sample.  The  table  also 
includes  d  scapings  of  the  a  phase  given  by  Yukawa  [8]  and  8  phase  given  by 
Grigor'ev  et  al.  [9].  The  latter  investigators  indicate  five  allotropes  of 


Grigor'ev  et  al.  [9].  The  latter  investigators  indicate  five  allotropes  of 
chromium  as: 

a  6  Y  <5  £ 

(BCC)  — *  (FCC)  — »•  ( BCC )  - -  ( HCP) (BCC) 

930  1300  1650  1830°C 

They  have  proposed  a  phase  diagram  which  contains  four  eutectoids  in  addition 
to  the  eutectic  transformation.  The  extra  peaks  agree  very  well  with  those 
given  by  Yukawa  for  a  phase.  However,  based  on  Yukawa's  diagram,  the  o  phase 
should  form  around  1200°C,  and  should  be  stable  as  temperature  is  increased.  Our 
results  show  that  they  form  around  1000°C  and  disappear  at  1 300°C. 

At  this  time  it  is  not  clear  whether  the  extra  peaks  truly  represent 
the  a  phase  of  Yukawa  or  some  form  of  allotropic  transformation  similar  to 
that  of  Grigor'ev.  It  should  also  be  noted  that  the  peaks  may  also  belong 
to  a  defective  oxide  layer  forming  on  the  surface  of  the  samples.  This  is 
conceivable  because  at  10"^  ppm  partial  pressure  of  oxygen,  thermodynamic 
possibility  of  some  chromium  oxide  formation  at  low  temperatures  exists. 

When  the  temperature  exceeds  a  certain  limit,  the  oxides  may  become 
thermodynamically  unstable  and  therefore  disappear.  It  is  also  possible 
that  with  the  prolonged  heating,  some  oxygen  is  diffusing  into  the  bulk 
sample,  causing  the  a  phase  to  dissolve. 

Current  efforts  are  concentrated  in  further  reducing  the  oxygen  content 
in  the  system.  Experiments  are  also  being  conducted  to  melt  the  eutectic 
alloy  in  situ  in  the  x-ray  camera,  and  investigate  the  formation  of  the 
peritectic  phase  during  solidification.  The  existence  of  phase  changes  in 
pure  chromium  is  also  being  investigated. 


IV.  Grain  Refining  of  Copper  by  the  Addition  of  Iron  and 
by  Electromagnetic  Stirring 

This  research,  which  was  initiated  earlier  in  our  program,  shows  that  the 
addition  of  iron  at  concentrations  as  low  as  0.57  wt.%  causes  considerable 
grain  refinement  in  Cu,  and  the  average  grain  size  decreases  with  increasing 
the  iron  content  in  water  quenched  samples.  Electromagnetic  stirring,  on  the 
other  hand,  has  beneficial  effect  on  refining  of  the  grains  only  when  the  iron 
content  is  less  than  2.8  wt.%.  This  composition  corresponds  to  that  of  the 
peritectic  liquid.  Beyond  this  composition,  electromagnetic  stirring  has  a 
detrimental  effect  because  it  agglomerates  the  primary  iron  particles  which 
act  as  heterogeneous  nucleation  sites  for  the  copper  matrix. 

The  experiments  clearly  show  that,  contrary  to  the  commonly  accepted 
wisdom,  the  usefulness  of  fluid  flow  in  refining  the  microstructure  strongly 
depends  on  the  alloy  composition  and  the  nature  of  solid-liquid 
transformation.  A  paper  based  on  this  work,  given  in  Appendix  B,  was 
published  in  the  Metallurgical  Transactions. 

V.  Thermomechanical  Processing  of  Rapidly  Solidified  Al-Li-Mg-Zr  Alloy  Powder 

In  this  spin-off  project,  rapidly  solidified  Al-3%  Li  -  5.5%  Mg-0.2%  Zr 
powder  was  hot  extruded  in  vacuum,  and  subjected  to  the  conventional 
precipitation  heat  treatment,  as  well  as  to  a  novel  thermomechanical 
processing  technique.  The  process  consists  of  cryogenic  rolling  of  the 
solutionized  alloy  followed  by  precipitation  heat  treatment  above  the 
<5 '  solvus.  The  process  results  in  the  formation  of  homogeneously  distributed 
fine  6  particles,  rather  than  6'  particles  which  are  produced  by  conventional 
strengthening  techniques.  The  formability,  ductility  and  toughness  of  the 
alloy  is  greatly  improved  by  the  cryogenic  process.  A  paper  based  on  this 


work,  see  Appendix  C,  is  to  be  published  by  TMS-AIME  in  the  Proceedings  of  the 
Symposium  on  Mechanical  Behavior  of  Rapidly  Solidified  Materials. 

VI.  Refining  of  Niobium  by  Levitation  Melting  Technique 

In  this  project,  conducted  in  cooperation  with  Cabot  Corporation,  the 
refining  behavior  of  niobium,  produced  by  an  al uminothermic  reduction  reaction 
of  Nb205»  was  studied  using  the  electromagnetic  levitation  and  melting 
technique.  The  purification  of  niobium  thermite  takes  place  by  the 
vaporization  of  impurity,  the  extent  of  which  depends  on  the  residence  time  at 
the  levitated  state.  For  example,  the  purity  of  the  material  was  improved 
from  93-95%  to  99.96%  after  melting  for  about  7  minutes  in  high  purity  argon. 

A  paper  based  on  this  paper,  see  Appendix  D,  was  published  in  the  Journal  of 
Metal s. 
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Table  1 


Thermal  Arrest  Data 


wt.S  Cr 

i  Of 

Samples 

Liquidus 

90 

1 

1754+0 

80 

1 

1664+0 

75 

2 

1608+6 

67.5 

2 

1523+0 

65 

2 

1499  +  10 

62 

3 

1458  +  3 

60 

2 

1445+0 

51 

1 

1375 

Additional 

Arrests 

1448(1) 

1375(1) 

1488+8(2) 

1436+4(2) 

1358+9(2) 

1416+8(2) 

1380+4(2) 

1350+5(2) 

1391  (1) 

1360+0(2) 

1345  (1) 

1345  (1) 

(  )  -  Numbers  in  parentheses  represent  the  number  of  samples  which  exhibited 
that  particular  arrest. 

Note:  All  temperatures  are  in  degrees  C. 
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Table  2 


X-Ray  Data  for  51  Wt.%  Cr,  Compared  With  Those  of 
Yukawa  [8]  and  Grigor'ev  [9]* 


51  wt.%  Cr 

51  wt.%  Cr  after  20 

Yukawa[8] 

Grigor'ev[9] 

Room  Temperature 

Minutes  at  1300°C 

a-Phase 

6-Phase 

2.366 

2.259** 

2.269** 

2.29 

2.168 

2.152 

2.177 

2.057  y(111) 

2.084  y(1H  ) 

2.047 

2.020  a(110) 

2.043  a(110) 

2.037 

1.963** 

1.977** 

1 .984 

1.945 

1  .897 

1  .879 

1 .870 

1 .886 

1.792  y( 200) 

1  .812  y(200) 

1  .800 

1.775 

1 .774 

*  All  d-spacings 

are  in  Angstroms 

**  Platinum  substrate  peaks 
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Microstructure  of  Al-30  wt.%  Ni  quenched  in  molten  Pb-Sn-Bi 
eutectic;  note  the  absence  of  Ni 2^1 3 • 
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Figure  14.  Microstructure  of  AT -35.4  wt.%  Ni  quenched  in  a  rotating 

copper  cup  taken  near  the  quenched  surface.  Note  separate 
crystal!  i  zation  of  Ni^lj  and  NiAl^  phases. 
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Figure  18.  The  normalized  volume  fraction  of  peri tectical ly  formed 
N i A1 3  versus  the  surface  area  of  the  primary  phase  for 
samples  quenched  in  Pb-Sn-Bi  eutectic. 
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Figure  19.  The  normalized  volume  fraction  of  the  peritectically  formed 
N i A1 3  versus  the  surface  area  of  the  primary  phase  for 

samples  quenched  from  S+L  using  He  gas,  water  and  Pb-Sn-Bi. 


■- .  V-.V- 


-■> 


37 


Volume 


normalized  volume  fraction  of  the  peri tectically  formed 
3  versus  the  surface  area  of  Ni 2^1 3  for  samples  quenched 
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Figure  27.  Thermal  arrest  data  superimposed  on  the  diagram  proposed 
by  Yukawa  [8] . 
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Figure  28.  Photomicrograph  showing  structure  of  a  67.5  at.%  Cr 
alloy  quenched  from  1450°C.  200X  magnification. 
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re  29.  X-ray  diffraction  scan  of  a  51  wt .%  Cr  alloy 
held  at  1 300  C  for  20  minutes. 


Figure  30.  X-ray  diffraction  scan  of  a  51  at.*  Or  alloy  after  being 
held  at  1300°C  for  two  hours. 
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APPENDIX  A 


CHROMIUM  -  NICKEL  PHASE  DIAGRAM,  R.  M,  Schmees*  and  G.  J.  Abbaschlan**, 
♦Government  Products  Division,  Pratt  A  Whitney  Aircraft,  P.  0.  Rox  2691,  West 
Palm  Beach,  FL  33402.  ♦♦Department  of  Materials  Science  and  Enqlneerlnq, 
University  of  Florida,  Gainesville,  FL  32611 

The  commonly  accepted  Cr-NI  diagram  at  high  temperatures  consists  of  a 
simple  eutectic  at  1345 *C  and  about  51  wt.2  chromlmum.  Notwithstanding,  there 
are  at  present  three  other  proposed  diagrams  that  Include,  In  addition  to  the 
eutectic,  either  a  eutectold  [1],  a  peritectlc  plus  two  eutectoids  f 2 1 ,  or 
four  eutectold  tranformatlons  [3].  The  center  of  controversy  In  the  phase 
diagram  lies  In  whether  or  not  chromlmum  underqoes  any  allotropic 
transformation  that  would  cause  eutectold  transformations  in  the  binary 
alloys.  The  existence  of  a  Cr-NI  slqma  phase,  formed  by  the  peritectlc 
transformation.  Is  also  another  source  of  controversy.  The  major  difficulties 
In  studying  Cr-NI  phase  diagram  are  due  to  intense  volatilization  of  Cr  at 
high  temperatures,  the  high  affinity  of  chromlmum  with  oxyqen,  solid  state 
precipitations  which  may  obscure  phase  transformations,  and  effects  due  to 
impuri ties. 

In  the  present  study,  electromagnetic  levitation  was  used  tb  study  the 
nature  of  solid-liquid  phase  transformations  In  the  chroml mum-rich  side  of  the 
diagram. The  levitation  apparatus  used  In  this  study  has  been  described 
previously  [41.  The  samples,  each  weighing  about  one  gram,  were  prepared  from 
high  purity  nickel  (99.99  and  99.9992)  and  chromlmum  (99.95  and  99.99992). 

The  alloys  were  prepared  In  a  vacuum  arc  melting  furnace  partially  backfilled 
with  high  purity  argon.  A  titanium  "getter"  was  melted  prior  to  melting  of 
the  samples.  A  sample  as  prepared  was  lowered  into  the  levitation  coll  using 
a  nickel  wire  which  was  pulled  out  of  the  field  as  soon  as  the  sample 
levitated.  High  purity  helium  or  arqon  was  continuously  passed  through  the 
glass  tube  surrounding  the  sample  In  order  to  control  Its  temperature  and  to 
prevent  oxidation.  The  Inert  gases  were  purified  by  passing  them  through  a 
gas  purifier,  which  utilized  titanium  at  800*C  as  a  getter.  The  oxygen 
content  of  the  purified  gas  was  continuously  monitored  to  be  In  the  range 
lxlO-1-5  ppm.  After  melting  the  sample,  the  flow  of  gas  and  the  power  Input 
Into  the  coil  were  adjusted  so  that  the  temperature  of  the  sample  decreased  at 
a  rate  of  about  30"C  per  second,  while  Its  temperature  was  continuously 
monitored  by  a  two-color  pyrometer  with  an  accuracy  of  ilO°C  at  temperatures 
below  1700°C.  The  thermal  arrest  points  during  normal  (non-equilibrium) 
cooling  of  each  sample  was  obtained  several  times  by  repeatedly  melting  and 
solldlying  It.  The  sample  was  finally  quenched  In  water  from  a  desired 
temperature,  and  Its  room  temperature  characteristics  were  examined  usinq 
metallography,  TEM  and  X-ray. 

The  metal lagraphlc  examination  of  the  55  wt.2  chromium  alloys  quenched  at 
various  temperatures  Indicated  that  they  generally  contained  chromium 
dendrites,  surrounded  by  a  divorced  eutectic.  The  chromium  dendrites  had  qone 
through  a  solid-state  transformation  Into  a  Widmanstatten  type  structure.  At 
62  wt.X  chromium,  a  central  region  was  observed  Inside  the  dendrite,  similar 
to  those  observed  during  peritectlc  transformations.  The  central  region 
became  more  extensive  as  the  chromium  content  of  the  alloys  Increased,  as 
shown  In  Figures  la  and  lb.  There  was  a  clear  and  distinct  boundary  between 
the  two  regions  within  the  chromium  phase,  ruling  out  simple  coring  due  to  the 
compositional  variation.  There  was  also  a  difference  In  the  decomposition 
morphology  of  the  two  regions;  fine  precipitates  were  observed  by  TEM  In  the 
central  region,  as  opposed  to  the  Widmanstatten  type  structure  In  the  outer 
part.  Furthermore,  the  Widmanstatten  plates  stopped  at  the  boundary  between 
the  two  regions,  possibly  Indicating  a  difference  in  the  crystal  structure  of 
the  two  regions.  The  structure,  similar  to  those  observed  by  Amaya  [51,  Is 
believed  to  have  formed  by  a  peritectlc  reaction,  and  might  be  the  sigma  phase 
reported  by  Yukawa  et  al .  [21. 
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Figure  1  -  Microstructures  of  two  71  wt.%  Cr  samples  quenched  at  (a)  1490,  and 
(b)  138n*C. 

STEM  analysis  Indicated  that  for  the  71  wt.%  chromium  samples,  the 
composition  of  the  pro-perl tectlc  phase  ranged  from  72  to  77  wt.%  Cr,  and  that 
of  the  perl tectlc  phase  from  60  to  70  wt.%.  The  composition  of  the  nickel 
phase  In  the  Interdendrl tic  region  which  contained  small  precipitates  ranged 
from  51  to  53  wt.%  chromium.  The  TFM  and  x-ray  diffraction  patterns  Indicated 
that  room  temperature  crystallagraphlc  structures  were  those  of  the  3CC 
chromium  and  the  FCC  nickel.  However,  In  one  sample  extra  peaks  at  77.4*  and 
86.6*  were  noted  by  the  x-ray  diffraction.  It  should  be  noted  that  the  fact 
that  only  the  BCC  and  FCC  phases  were  found  at  room  temperature  does  not 
necessarily  mean  that  other  structures  do  not  exist  at  high  temperatures. 

The  thermal  arrest  points  obtained  during  normal  cooling  of  the  levitated 
alloys  are  given  In  Table  I.  The  highest  thermal  arrest  point  for  each  sample 
corresponds  to  the  llquldus  temperature.  This  Is  also  the  temperature  at 
which  the  first  solid  was  visually  observed  to  form  on  the  surface  of  the 
levitated  sample.  The  other  thermal  arrest  points  represent  some  form  of 
phase  transformation  or  preclpl tatlon  during  normal  solidification  and  cooling 
of  the  samples.  For  the  alloys  containing  55  wt.%  Cr,  the  llquldus 
temperature  was  found  to  be  between  1375  and  1380*C.  In  addition  a  second 
thermal  arrest  corresponding  to  the  eutectic  was  observed  at  1345’C,  In 
agreement  with  that  of  Amaya  [5]  and  the  accepted  diagram.  However,  the  other 
thermal  arrest  points  above  the  eutectic  temperature  that  occur  In  the  alloys 
containing  more  than  62  wt.%  chromium  indicate  that  reactions  occur  that  are 
not  consistent  with  the  commonly  accepted  eutectic  diagram.  The  thermal 
arrest  point  around  1442±26*C  In  these  alloys  seems  to  be  Independent  of  the 
composition.  This  monovariant  temperature  most  likely  belongs  to  the 
perl tectlc  transformation.  The  nature  of  the  thermal  arrest  point  around 
1 51 0 ' C  for  the  78  wt.%  chromium  samples  and  one  71  wt.%  sample  Is  not  clear 
yet. 
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When  the  samples  were  levitated  in  the  as  received  Inert  gases  which 
contained  about  6ppm  oxygen,  there  was  a  decrease  in  the  liquidus 
temperature.  The  number  of  thermal  arrest  points,  and  the  relative  amount  of 
the  peritectic  phase  also  decreased. 
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Table  I  -  Thermal  arrest  points  during  non-equilibrium  coollnq  of  samples 
levitated  in  purified  inert  gas. 


55 

1375 

1345 

55 

1380 

Average 

1377 

62 

1452 

1421 

1366 

(1335) 

62 

1447 

(1335) 

Average 

1449 

65 

1500 

1423 

1359 

65 

1511 

1430 

1382 

65 

1534 

1474 

1405 

1350 

Average 

1515 

71 

1552 

71 

1570 

1460 

71 

1585 

1513 

1438 

Average 

1577 

78 

1641 

1458 

78 

1610 

1504 

1435 

78 

1633 

1533 

78 

1627 

1501 

1447 

1385 

Average 

1628 

90 

1760 

1435 

90 

1755 

1444 

Average  1757 


femperatures  in  parentheses  represent  small  slope  change  in  the  thermal 


data,  rather  than  clear  recalescence. 
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APPENDIX  B 

Grain  Refinement  of  Copper  by  the  Addition 
of  Iron  and  by  Electromagnetic  Stirring 

J.  A.  PATCHETT  and  G.  J.  A8BASCHIAN 

The  effect  of  iron  additions  in  the  range  of  0.57  to  7.5  wt  pet  on  the  grain  size  of  electromagnetically 
levitated  copper-iron  alloys  was  investigated.  The  samples  were  solidified  while  levitated  or  quenched 
in  water  from  the  molten  state.  The  addition  of  iron  was  found  to  be  effective  in  reducing  the  grain 
size  of  copper,  and  the  average  grain  size  decreased  as  the  iron  content  was  increased  up  to  the 
peritectic  liquid  composition  of  about  2.8  wt  pet  Fe.  Beyond  this  composition,  the  grain  size  of 
the  samples  solidified  in  the  levitated  state  was  insensitive  to  the  iron  content,  whereas  that  of 
the  quenched  samples  continuously  decreased  with  increasing  iron  content.  The  results  indicate 
that  electromagnetic  stirring  causes  fragmentation  of  copper  dendrites  in  the  hypoperitectic  region, 
and  hence  enhances  grain  refinement.  In  the  hyperperitectic  region,  on  the  other  hand,  the  stirring 
has  a  detrimental  effect  on  the  grain  refinement  by  agglomerating  the  primary  iron  particles  which 
act  as  heterogeneous  nucleation  sites  for  the  copper  matrix. 


I.  INTRODUCTION. 

The  importance  of  fine  equiaxed  grains  as  opposed  to 
columnar  grains  has  long  been  recognized  in  a  casting. 
Among  various  enhanced  properties  associated  with  a  fine 
grain  structure  are  improved  low-temperature  strength,  re¬ 
duced  anisotropy,  formability,  and  reduced  segregation 
scale.  The  latter  is  especially  important  in  castings  that  have 
to  undergo  homogenization;  in  a  fine  grain  structure  the 
characteristic  diffusion  distance  and  hence  the  homogeniza¬ 
tion  time  is  reduced  compared  to  a  coarse  grain  structure. 
A  number  of  techniques  have  been  developed  to  produce 
fine  grain  structures  during  solidification.'  The  most  com¬ 
mon  method  is  to  add  small  amounts  of  grain  refining 
agents,  inocuiants,  to  the  melt  just  prior  to  casting.  The 
additions  either  go  into  solution  or  remain  as  solids  that  act 
as  heterogeneous  nucleation  catalysts  during  solidification. 
Examples  of  grain  refining  agents  employed  commercially 
for  various  alloys  have  been  given  in  a  recent  review  article 
by  Mondolfo.’ 

It  is  commonly  accepted  that  the  effectiveness  of  a  grain 
refining  agent  is  either  due  to  enhanced  heterogeneous  nu¬ 
cleation  rate  or  due  to  a  reduction  in  the  growth  rate  of  the 
existing  grains,  thus  allowing  for  further  nucleation.  How¬ 
ever.  the  actual  mechanism  of  grain  refinement  and  hence 
the  criteria  which  determine  the  effectiveness  of  one  addi¬ 
tion  vs  another  are  not  fully  understood.  In  general,  the 
requirements  for  a  good  nucleating  agent  are  higher  inter- 
facial  energy  between  the  inoculant  and  the  melt,  compared 
to  that  between  the  nucleated  solid  and  the  melt,  and  a  good 
epitaxial  fit  between  low  index  planes  of  the  inoculant  and 
the  solid.'  In  addition,  the  inoculant  particles  should  be 
stable  at  the  melt  temperature,  and  should  not  agglomerate 
or  float.  A  lower  degree  of  lattice  mismatch  between  the 
nucleant  and  the  solid  has  been  suggested  as  a  possible 
criterion  to  determine  grain  refining  potency  of  an  inocu¬ 
lant.'  In  the  absence  of  accurate  surface  energy  data. 
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Youdelis3  has  suggested  the  use  of  the  “nucleation  entropy" 
as  a  criterion  for  grain  refining  effectiveness.  Based  on  this 
criterion,  the  larger  the  nucleation  entropy,  the  more  effec¬ 
tive  is  the  grain  refiner.  The  solute  build-up  ahead  of  the 
solid-liquid  interface,  proposed  by  Tarshis  et  al..b  is  another 
criterion  for  evaluating  effectiveness  of  alloy  additions.  .Ac¬ 
cording  to  this  criterion,  the  greater  the  solute  build-up 
ahead  of  the  interface,  the  more  effective  is  the  alloy  addi¬ 
tion  in  promoting  grain  refinement.  Grain  refining  via  peri¬ 
tectic  reactions  is  another  well  known  technique  that  is 
commercially  employed  in  various  alloys,  especially  in  alu¬ 
minum  based  alloys.7* 

The  grain  refining  techniques  discussed  above  involve  the 
deliberate  addition  of  alloying  elements  or  compounds  to  the 
melt.  Equally  important  factors  in  determining  the  micro¬ 
structure  are  the  fluid  flow  and  thermal  conditions  during 
solidification.  The  fluid  flow  can  cause  dendrite  fragmen¬ 
tation  by  bringing  hotter  liquid  to  the  root  of  the  dendrite 
arms.  The  fragments,  when  carried  away,  can  serve  as 
growth  sites  for  new  grains.  Improved  fluid  flow  can  come 
from  a  number  of  sources  such  as  ultrasonic  vibrations/ 
mechanical  stirring,10  "  or  electromagnetic  stirring.12  The 
latter  is  being  used  extensively  in  casting  industries,  particu¬ 
larly  for  alloy  compositions  that  have  a  strong  tendency,  for 
centerline  segregation  and  shrinkage  porosity. 

The  present  experiments  were  conducted  to  establish  the 
role  of  the  peritectic  reaction  and  electromagnetic  stirring  in 
the  grain  refinement  of  copper-iron  alloys.  The  effects  of 
cooling  rate  and  alloy  compositions  were  also  studied. 


II.  EXPERIMENTAL  PROCEDURE 

The  experimental  apparatus  consisted  of  an  electro¬ 
magnetic  levitation  chamber,  an  inert  gas  'unifying  system, 
and  a  temperature  monitoring  device.  Details  of  the  appara¬ 
tus  can  be  found  in  an  earlier  paper. 1 '  The  temperature  of  the 
levitated  sample  was  measured  and  continuously  monitored 
by  a  two-color  pyrometer  connected  to  a  strip  chart  recorder. 
The  pyrometer  was  calibrated  against  the  melting  points  of 
pure  iron,  nickel,  and  copper  to  an  accuracy  of  ±5  °C.  High 
purity  helium,  argon,  and/or  helium  -2.0  pet  hydrogen  were 
continuously  passed  through  the  glass  tube  surrounding  the 
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sample  to  provide  cooling  and  to  protect  the  sample  from 
oxidation.  The  oxygen  content  of  the  purified  gas.  con¬ 
tinuously  monitored  using  a  solid  state  electrolyte,  was  in 
the  range  of  10' 15  ppm. 

The  samples,  each  weighing  about  one  gram,  were  pre¬ 
pared  from  99.999  pet  copper  and  99.98  pet  iron.  The  con¬ 
stituents  for  each  sample,  weighed  to  an  accuracy  of 
±0.0001  g,  were  arc  melted  in  a  titanium  "gettered"  helium 
atmosphere.  The  arc-melted  sample  was  lowered  into  the 
levitation  coil,  and  the  power  to  the  coil  was  adjusted  to 
levitate,  melt,  and  superheat  the  sample  by  approximately 
300  °C.  The  gas  flow  was  then  increased  to  solidify  the 
sample  at  a  rate  of  about  10  to  20  °C  per  second.  The  ther¬ 
mal  arrest  points  corresponding  to  liquidus  and  peritectic 
temperatures  were  recorded  during  repeated  heating  and 
cooling  cycles  of  the  levitated  sample. 

After  determining  the  thermal  arrest  points,  two  different 
processing  procedures  were  used  to  solidify  the  sample.  One 
involved  cooling  the  sample  in  the  levitated  state  to 
1000  °C,  at  a  rate  of  10  to  20  °C  per  second,  then  quenching 
the  solid  sample  in  water  from  this  temperature.  The  other 
involved  quenching  the  sample  from  a  temperature  slightly 
above  its  liquidus  temperature  in  water.  The  cooling  rate  of 
the  water  quenched  samples  is  estimated  to  be  approxi¬ 
mately  500  °C  per  second. 14  The  samples  were  sectioned, 
mounted,  polished,  and  their  average  grain  sizes  were  deter¬ 
mined  using  a  standard  intercept  technique.13 


HI.  RESULTS 

The  compositions,  thermal  arrest  points,  and  the  average 
grain  sizes  of  the  as-quenched  samples  are  summarized  in 
Table  I.  The  liquidus  points  and  the  peritectic  temperature, 
as  shown  in  Figure  1 ,  were  found  to  be  in  good  agreement. 
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Fig.  I  — The  copper-iron  phase  diagram  on  the  copper  nch  side,  with  the 
measured  liquidus  and  peritectic  temperatures 

within  the  experimental  errors,  with  the  commonly  accepted 
phase  diagram.13  Because  of  the  oscillation  of  the  sample  in 
the  levitated  state,  the  temperatures  could  be  measured  with 
accuracy  of  ±10  °C.  The  minimum  concentration  of  iron 
required  to  have  an  iron  rich  primary  phase,  as  detected  by 
metallography  and  SEM.  was  found  to  be  2.8  wt  pet.  Fol¬ 
lowing  an  earlier  convention.16  alloys  containing  iron  less 
than  this  value  are  termed  “hypoperitectic'.  whereas  those 
containing  more  iron  are  called  “hyperperitectic". 

The  average  grain  size  of  samples  quenched  from  their 
corresponding  liquidus  temperatures  as  a  function  of  the  iron 
content  is'  shown  in  Figure  2.  The  error  bars  in  this  figure 
show  the  statistical  variation  of  the  mean.  The  average  grain 
size  of  the  purq  copper  when  quenched  from  its  melting 
point,  not  shown  on  this  graph,  corresponded  to  roughly 


Table  I.  Thermal  Arrest  Points  and  Grain  Size  Measurements  for  Copper-Iron  Alloys 


Wt  Pet  Fe 

Liquidus.  3C 

Peritectic.  °C 

Quenching  Temp..  °C 

Grain  Size,  mm 

Quenched  in  Water 

0.57 

1080 

_ 

1085 

0.330  ±0.170 

2.05 

1080 

— 

1090 

0.130  ±0.050 

2.80 

1094 

1094 

1100 

0.070  ±0.020 

2.84 

1100 

1100 

1115 

0.035  ±0.008 

3.08 

1124 

1100 

1140 

0.032  ±0.010 

3.12 

1150 

1094 

1160 

0.021  ±0.004 

3.20 

1140 

1090 

1150 

0.032  ±0.007 

3.42 

1170 

1100 

1185 

0.037  ±0.007 

3.67 

1150 

1094 

1260 

0.030  ±0.008 

4.06 

1190 

1090 

1265 

0.022  ±0.008 

Solidified  in  the  Levitated  State 

0.72 

1090 

_ 

1000 

0.210  ±0.090 

1.65 

1080 

— 

1000 

0.200  ±0.040 

2.14 

1090 

— 

1000 

0.110  ±0.040 

2.67 

1080 

— 

1000 

0.120  ±0.040 

2.72 

1094 

— 

1050 

0.052  ±0.008 

2.80 

1100 

— 

1000 

0.220  ±0.080 

2.81 

1094 

— 

1000 

0.110  ±0.040 

2.86 

1110 

1094 

1000 

0.042  ±0.010 

3.27 

1170 

1 100 

900 

0,073  ±0.026 

3.35 

1160 

1090 

1000 

0.071  ±0  020 

7.46 

1280 

1094 

1000 

0.072  ±0.015 
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WEIGHT  PERCENT  IRON 

Fig  2  —  Mean  grain  size  vs  iron  content  for  samples  quenched  in  water 
from  their  liquidus. 
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3  mm.  The  results  indicate  that  the  addition  of  iron  causes 
considerable  grain  refinement  in  copper,  and  the  refinement 
increases  with  the  iron  content,  as  shown  in  Figure  3  for  two 
samples  containing  0.57  and  2.05  pet  Fe. 

The  effectiveness  of  iron  as  a  grain  refiner  was  further 
evidenced  by  the  amount  of  bulk  supercooling  of  the  levi¬ 
tated  melt.  Although  it  was  possible  to  supercool  pure  cop¬ 
per  in  excess  of  400  °C,*  the  addition  of  iron  reduced  this 


100 


ft-: 

l-vt 

Sv-' 
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•In  several  occasions,  pure  copper  samples  were  supercooled  consid¬ 
erably  below  the  lower  limit  of  pyrometer  detection  which  was  700  °C. 

supercooling  drastically.  For  example,  when  the  alloy  con¬ 
tained  about  1  pet  iron,  the  maximum  supercooling  was 
reduced  to  100  °C.  At  iron  concentrations  near  the  peritectic 
liquid  and  beyond,  no  appreciable  supercooling  was  ob¬ 
served.  A  similar  trend  in  the  reduction  of  supercooling  by 
the  addition  of  iron  was  also  noted  by  Southin  and  Weston. 17 

In  the  composition  range  immediately  surrounding 
2.8  wt  pet  iron,  from  approximately  2.75  to  2.9  wt  pet. 
the  grain  size  showed  considerable  scatter.  The  variations 
in  grain  size  can  be  seen  in  Figure  4  for  two  samples  con¬ 
taining  2.80  and  2.84  pet  Fe.  Over  this  rather  narrow 
composition  range,  the  scatter  of  the  mean  grain  size  of  indi¬ 
vidual  samples  fell  outside  the  confidence  intervals  of  each 
sample.  The  scatter  appears  to  be  due  to  the  possible  alter¬ 
native  nucleation  sequences,  caused  by  supercooling,  and 
suppression  of  the  primary  phase  formation  or  the  peri¬ 
tectic  reaction. 

When  the  concentration  of  iron  exceeded  2.9  wt  pet.  the 
gram  size  showed  a  continued  decrease  with  increasing  iron 
concentration.  The  microstructures  encountered  in  this  re¬ 
gion  are  shown  in  Figure  5.  where  the  primary  gamma  iron 
appears  as  dark  particles  scattered  uniformly  throughout  the 
sample.  The  data  points  in  this  region,  however,  do  not 


(b) 

Fig.  3  —  Grain  size  of  water  quenched  hypoperitectic  alloys:  lui  0.57  and 
[b)  3.05  pet  Fe. 

seem  to  follow  the  continuation  of  the  curve  for  the  hypo¬ 
peritectic  region.  This  trend  will  become  more  obvious 
when  the  results  of  the  samples  solidified  while  levitated  are 
considered  later.  In  addition,  the  grain  size  of  the  hyper- 
peritectic  samples  had  greater  uniformity  as  compared  to  the 
hypoperitectic  samples. 

The  effect  of  iron  content  on  the  mean  gram  size  of  the 
alloys  solidified  in  the  levitated  state  is  shown  in  Figure  6. 
For  the  hypoperitectic  alloys,  the  gram  size  showed  the 
same  trend  as  the  water  quenched  samples.  It  should  be 
noted  that  the  cooling  rate  during  solidification  of  the 
levitated  samples  was  around  20  °C  per  second,  as  com¬ 
pared  with  about  500  °C  per  second  for  the  water  quenched 
samples. 

In  alloys  containing  greater  than  2.8  pet  Fe.  the  grain  size 
of  the  samples  solidified  in  the  levitated  state  was  found  to 
be  insensitive  to  the  iron  concentration,  as  indicated  in 
Figure  6.  This  can  also  be  seen  from  the  photomicrographs 
shown  in  Figure  7  for  two  samples  containing  3.27  pet  and 
7.46  wt  pet  iron  —  in  spite  of  the  large  difference  in  iron 
concentrations,  the  average  grain  size  is  the  same  in  both 
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Fig-  4 —  Microstructures  of  two  samples  with  2.8  pet  Fe  solidified  in  levi¬ 
tated  state  —  note  the  difference  in  the  gram  size. 


samples.  At  lower  iron  concentrations,  the  iron  dendrites  are 
small  with  only  a  few  side  branches.  At  larger  concen¬ 
trations,  however,  the  dendrites  have  a  well-developed  den¬ 
dritic  structure  consisting  of  numerous  secondary,  and  in 
some  cases,  tertiary  arms.  It  was  also  noted  that  primary 
dendrites  had  accumulated  mostly  near  the  surface  of  the 
samples.  Solid  state  precipitates  of  iron,  approximately 
0.4  microns  in  diameter,  were  also  seen  in  the  copper  ma¬ 
trix  by  SEM  analysis.  This  is  in  contrast  with  the  water 
quenched  samples  which  showed  no  iron  precipitates,  indi¬ 
cating  that  the  copper  matrix  was  a  supersaturated  alpha 
solid  solution. 


IV.  DISCUSSION 

The  results  of  the  present  investigation  indicate  that  the 
addition  of  iron  causes  considerable  grain  refinement  in 
copper,  in  agreement  qualitatively  with  earlier  studies. 18  w;u 
In  the  earlier  studies  the  effect  of  iron  was  studied  on  either 
multi-component  commercial  alloys  or  elements  such  as 


phosphorus  were  used  to  deoxidize  the  melt.  In  the  present 
research,  high  purity  materials  were  used,  and  the  samples 
were  levitation  melted  in  an  essentially  oxygen-free  atmo¬ 
sphere.  The  inherent  advantages  of  this  technique  include 
noncontamination,  melt  homogeneity,  and  precise  tempera¬ 
ture,  time,  and  atmospheric  control.  Because  of  these  fea¬ 
tures,  the  present  results  most  likely  show  the  grain  refining 
effects  due  to  the  iron  additions  only. 

In  the  hypoperitectic  region,  the  grain  size  in  both  sets  of 
samples,  quenched  in  water  or  solidified  in  the  levitated 
state,  decreased  as  the  iron  concentration  was  increased  In 
the  hyperperitectic  region,  however,  the  grain  size  of  the 
alloys  solidified  in  the  levitated  state  showed  no  depen¬ 
dence  on  the  iron  content,  whereas  those  quenched  from 
their  liquidus  showed  a  continued  decrease  as  the  iron  con¬ 
tent  was  increased.  The  two  sets  of  data  are  compared  in 
Figure  8. 

In  the  hypoperitectic  region,  the  grain  refinement  mecha¬ 
nism  by  the  addition  of  iron  can  be  discussed  based  on  the 
amount  of  solute  build-up  ahead  of  the  interface  criterion, 
denoted  as  the  “P”  factor,6  or  the  nucleation  entropy  crite¬ 
rion.5  The  calculated  values  of  the  nucleation  entropy  and 
the  P  factor  at  1  wt  pet  Fe  are  -4.322  J  •  mole"'  •  K"'  and 
1.30,  respectively.  The  thermodynamic  values  necessary  for 
the  calculations  were  obtained  from  the  JANAF  tables11  and 
the  phase  diagram.  Since  these  quantities  increase  with  in¬ 
creasing  the  iron  content,  both  criteria  qualitatively  explain 
the  enhanced  grain  refinement  with  increased  iron  content. 
However,  neither  criterion  can  be  used  a  priori  to  predict 
grain  refinement  capability  of  iron.  This  is  due  to  the  fact 
that  the  minimum  value  of  the  P  factor  or  the  nucleation 
entropy  necessary  for  effective  grain  refinement  is  not  yet 
well  established.  For  aluminum  binary  alloys,  it  was  shown 
that  a  P  factor  larger  than  about  20  was  necessary  to  cause 
80  pet  reduction  in  the  grain  size.6  At  lower  values,  the 
grain  size  reduction  was  considerably  lower.  For  the  Cu-Fe 
system,  even  though  the  P  factor  is  small,  less  than  2.  the 
grain  size  reduction  is  larger  than  90  pet. 

As  indicated  earlier,  the  effectiveness  of  iron  additions  on 
the  nucleation  of  the  copper  in  the  hyperperitectic  region  can 
be  judged  based  on  the  amount  of  bulk  supercooling  at¬ 
tainable  in  the  samples.  Similar  to  other  experiments.'  it 
was  observed  that  the  bulk  supercooling  reduced  drastically 
as  iron  concentration  was  increased.  Youdelis5  has  attributed 
the  reduction  in  the  supercooling  to  the  increased  nucleation 
entropy  with  solute  concentration. 

In  the  hyperperitectic  region,  the  grain  refinement  could 
possibly  be  due  to  either  the  growth  restrictive  nature  of  the 
peritectic  reaction  or  the  presence  of  iron  primaries  acting 
as  heterogeneous  nucleation  sites.  The  disregistrv  be¬ 
tween  y-iron  and  copper  at  the  peritectic  temperature  is  only 
0.8  pet,  indicating  the  potency  of  iron  primaries  in  nucle¬ 
ating  the  copper  phase.  It  was  noted  that  no  appreciable 
supercooling  at  the  peritectic  temperature  was  observed  in 
the  hyperperitectic  alloys,  which  again  indicates  the  effec¬ 
tiveness  of  iron  in  nucleating  copper.  This  can  be  compared 
with  the  results  of  our  experiments  with  Cu-Nb  alloy  s  where 
a  supercooling  of  approximately  10  ’C  was  observed  at  the 
peritectic  temperature."  ForCu-N’b  system,  the  overall  lat¬ 
tice  mismatch  between  (111)  planes  of  copper  and  (110) 
planes  of  niobium  is  around  14.5  pet. 
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Fig.  5  — Effect  of  iron  additions  on  the  grain  size  of  copper  in  water  quenched  hyperperitectic  alloys:  (a)  2.84.  (b)  3.12.  and  (c)  4.06  wt  pet  Fe. 


To  compare  the  results  of  the  water  quenched  samples 
with  those  solidified  in  the  levitated  state,  two  points  must 
be  taken  into  consideration:  ( 1 )  the  latter  samples  were  so¬ 
lidified  at  a  much  lower  cooling  rate  than  the  former  ones 
(20  'C  per  second  compared  with  500  ’C  per  second,  re¬ 
spectively).  and  (2)  the  latter  samples  were  solidified  while 
being  stirred  by  the  electromagnetic  field.  Despite  the  lower 
cooling  rates,  the  average  grain  size  of  the  latter  samples  in 
the  hypoperitectic  region  was  comparable  to  that  of  the 
water  quenched  samples.  The  results  indicate  the  beneficial 


effect  of  fluid  flow  on  grain  refinement  in  this  region.  In  the 
hyperperitectic  region,  however,  the  grain  size  of  the  sam¬ 
ples  solidified  in  the  levitated  state  was  considerably  larger 
than  that  of  the  water  quenched  samples.  In  fact,  the  grain 
size  became  insensitive  to  the  iron  content,  indicating  the 
detrimental  effect  of  electromagnetic  stirring.  This  is  due  to 
the  fact  that  while  stirring  can  cause  dendrite  fragmentation 
or  remelting,  it  can  also  enhance  coarsening  and  agglomera¬ 
tion  of  the  nucleating  particles.  The  first  effect  will  result 
in  grain  refinement  via  grain  multiplication,  whereas  the 
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Fig  6  —  Mean  grain  size  as  a  function  of  iron  content  for  copper- iron 
alloys  quenched  in  water  from  1000  °C. 


( b ) 

Fig.  7  —  The  effect  of  iron  addition  on  the  grain  size  of  hyperpenteciic 
alloys  solidified  in  the  levitated  state:  ta)  3.27  and  (hi  7,46  pet  Fe. 


second  will  reduce  the  number  of  heterogeneous  nucleation 
sites.  The  relative  importance  of  the  two  would  depend  on 
the  alloy  composition  and  cooling  rate,  as  well  as  the  flow 
conditions. 


wt.%  Fe 

Fig.  8  —  The  effects  of  cooling  rate,  stirring,  and  iron  concentration  on  (he 
mean  grain  size  of  copper  iron  alloys. 

It  is  believed  that  in  the  hypoperitectic  region,  the  grain 
multiplication  mechanism  has  augmented  the  effect  of  iron 
in  promoting  grain  refinement  such  that  the  grain  size  of  the 
slowly-cooled  samples  were  the  same  as  the  rapidly-cooled 
ones.  In  the  hyperperitectic  region,  on  the  other  hand,  the 
increased  fluid  flow  has  caused  appreciable  coarsening  and 
agglomeration  of  the  primary  iron  phase,  diminishing  their 
effectiveness  to  nucleate  the  copper.  The  stirring  also  caused 
preferential  accumulation  of  the  iron  primaries  on  the  sur¬ 
face  of  the  samples.  The  agglomeration  phenomenon  is 
similar  to  the  commonly  observed  fading  process,  as  a  re¬ 
sult  of  which  the  effectiveness  of  the  inoculants  is  found 
to  diminish  as  the  metal  is  held  in  the  liquid  state.  For 
conventional  casting  processes,  the  fading  process  occurs 
over  a  period  of  minutes.  In  the  case  of  electromagnetic 
levitation,  the  increased  fluid  flow  enhances  the  process 
appreciably. 


V.  CONCLUSIONS 

The  addition  of  iron  in  the  range  of  0.57  to  7.5  wt  pet  has 
been  found  to  cause  appreciable  grain  refinement  in  copper. 
In  the  hypoperitectic  alloys,  electromagnetic  stirring  en¬ 
hances  the  grain  refinement  via  the  grain  multiplication 
mechanism.  In  the  hyperperitectic  alloys,  on  the  other  hand, 
the  stirring  reduces  the  grain  refining  capability  of  iron  by 
agglomerating  the  primary  iron  particles  which  act  as  het¬ 
erogeneous  nucleation  sites  for  copper. 
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ABSTRACT 

Rapidly  solidified  Al-3%Li-5.5%Mg-0.2%Zr  powder  was  hot  extruded,  and 
subjected  to  conventional  precipitation  heat  treatment  and  thermomechanical 
processing.  The  tensile  properties  and  microstructures  resulting  from 
different  processes  are  contrasted.  The  material  exhibited  low  ductility 
because  of  the  shearable  coherent  strengthening  phase,  6',  and/or  the 
presence  of  tlje  precipitate  free  zones.  It  is  shown  that  the  ductility  and 
toughness  of  the  alloy  can  be  significantly  increased  with  the  use  of  a 
cryogenic  deformation  process  followed  by  a  dispersion  heat  treatment.  This 
new  process  completely  changes  the  strengthening  phase  from  6'  to  finely 
dispersed  Al^LiMg  and  hence  eliminates  the  inhomogeneous  deformation 
associated  with  the  conventional  6'  strengthened  material. 


Introduction 


Metallurgists  have  long  been  taxed  with  the  problem  of  developing 
lighter  and  stronger  alloys.  One  particular  alloy  system  which  has  received 
much  attention  is  the  Al-Li  system.  Predictions  by  Materials  and  Marketing 
Specialists  indicate  that  Al-Li  alloys  could  replace  all  of  the  present  7xxx 
and  2xxx  wrought  aluminum  alloys  in  aircraft  structures  by  the  1990's  (1). 
Lithium  has  been  identified  as  the  only  alloying  element  (besides  beryllium) 
which  improves  both  the  elastic  modulus  and  density.  The  improvements  are 
progressive  and  increase  with  increasing  addditions  of  lithium  up  to  4  wt% 
(2).  Concomitant  with  the  property  improvements  with  Li  additions  is  a 
degredation  of  the  ductility  and  toughness.  The  poor  ductility  has  been 
attributed  to  strain  localization  caused  by  the  precipitate  free  zones  (PFZ) 
and/or  shearable  precipitates.  Hence,  recent  alloy  development  programs 
have  concentrated  on  modifying  the  structure  of  the  alloy  in  order  to  change 
its  deformation  mechanism.  Examples  of  this  development  include:  1)  grain 
refinement,  2)  the  addition  of  solid  solution  strengtheners  and  co-precipi- 
tates,  and  3)  the  addition  of  dispersoid  forming  elements  (3-4).  To  date, 
only  small  improvements  in  ductility  have  been  recognized,  and  it  appears 
the  trend  is  to  reduce  the  amount  of  Li  addition  to  improve  the  ductility, 
as  evidenced  by  recent  alloys  introduced  to  the  market.  It  is  the  purpose 
of  this  paper  to  present  a  novel  thermomechanical  process  which  would  allow 
for  increasing  additions  of  Lithium,  and  yet  improve  the  ductility  and 
toughness  significantly. 


Experimental  Procedure 

Rapidly  solidified  powder  of  composition  Al-3XLi-5.5XMg-0.2XZr,  pro¬ 
duced  by  the  inert  centrifugal  gas  atomization  process,  was  characterized 
and  subsequently  consolidated  in  vacuum  by  hot  extrusion.  The  extrusion 
process  was  accomplished  by  transferring  the  as-received  material,  packed  in 
an  inert  atmosphere,  into  a  5cm  diameter  aluminum  can  in  an  argon  atmosphere 
dry  box.  The  can  was  then  welded  shut  under  vacuum,  and  the  entire  con¬ 
tainer  was  extruded  at  400®C  with  an  extrusion  ratio  of  24.  The  hot  ex¬ 
truded  material  was  then  hot  rolled  under  various  conditions,  as  discussed 
later.  Tensile  specimens  were  machined  to  1  inch  gage  length  and  0.25  inch 
wide,  and  subsequently  pulled  with  an  Instron  testing  machine.  The  speci¬ 
men  thickness,  depending  on  the  thermomechanical  processing,  ranged  from 
0.08  to  0.15  in.  The  modulus  of  elasticity  was  determined  by  an  ultrasonic 
technique.  The  mlcrostructural  response  to  heat  treatment  and  deformation 
was  examined  using  light  microscopy,  scanning  electron  microscopy  (SEM),  and 
transmission  electron  microscopy  (TEM) .  Etchants  used  to  reveal  the  grain 
structure  and  second  phases  were  an  anodic  etch  consisting  of  34.6  ml  HF, 
13.6  gms  boric  acid,  and  water  to  make  I  litre  (operated  at  20  volts),  and 
Keller's  reagent,  respectively.  Thin  films  were  prepared  using  a  double  jet 
polishing  machine  (Tenupol).  The  electrolyte  for  thinning,  25X  HNO3  and  75% 
methonal ,  was  cooled  to  -20*C,  and  thinning  was  conducted  at  a  potential 
difference  of  15  volts. 


Experimental  Results 


Microstructures 


The  general  size  and  shape  of  the  as  received  powder  are  shown  by  the 
SEM  photomicrographs  in  Figure  1.  Particles  were  predominantly  spherical 
with  an  average  size  of  approxiamtely  100  urn.  Microexamination  of  sections 
through  the  powder  revealed  a  uniform  dendritic  structure  throughout  with 
some  interdendritic  shrinkage.  The  average  secondary  dendrite  arm  spacing 


was  approximately  l.jjum.  This  extrapolated  on  a  DAS  vs.  cooling  rate  plot 
for  A1 (4)  to  105  -10°*C/sec  as  the  effective  cooling  rate.  A  substantial 
fraction  of  the  particles  also  contained  smaller  imbedded  particles  and 
exhibited  extensive  interdendritic  cracking.  Figure  lc.  In  each  instance  of 
extensive  interdendritic  cracking,  deformation  of  the  powder  particle  was 
evident,  possibly  as  a  result  of  the  droplet  impact  with  the  outer  wall  of 
the  atomization  unit  during  solidification.  Other  larger  particles,  which 
showed  no  deformation,  exhibited  some  interdendritic  cracking,  caused  by  the 
solidification  shrinkage  or  hot  tears. 
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Figure  1  SEM  photomicrographs  of  the 
as  recieved  powders  showing  (a)  the 
general  shape  and  size  distribution, 
(b)  the  dendritic  structure,  and  (c) 
cracked  and  imbedded  particles. 


An  SEM  photomicrograph  of  a  polished  and  etched  cross  section  of  the 
as-extruded  structure  is  shown  in  Figure  2a,  where  pitting  caused  by  the 
Keller's  reagent  which  attacks  the  ATgLiMg  phase  can  also  be  seen.  The 
structure  consists  of  a  uniform  dispersion  of  AloLiMg  in  an  ct-matrix.  The 
effect  of  solution  heat  treatment  at  450,  500,  525,  and  535°C  on  the  struc¬ 
ture  of  the  extruded  material  is  shown  in  Figures  2b-2d.  It  was  found  that 
solutionizing  at  450*C  for  1/2  hour  had  little  effect  on  the  as-extruded 
structure  (Figure  2b).  Increasing  the  solutionizing  temperature  to  500®C 
resulted  in  the  dissolution  of  AloLiMg  and  noticeable  preferential  retain- 
ment  of  A^LIMg  precipitates  at  the  prior  particle  boundaries  (Figure  2c). 


Nevertheless,  appreciable  grain  growth  was  still  not  evident,  possibly  owing 
to  the  extensive  amount  of  AULiMg  remaining.  Solutionizing  the  material  at 
525‘C  for  1/2  hour,  on  the  other  hand,  resulted  in  appreciable  grain  growth, 
where  each  grain  contained  numerous  powder  particles  (Figure  2d).  The 
powders  apparently  retained  a  subgrain  structure  within  the  coarsened 
grains,  as  evidenced  by  their  contrast  differences  under  polarized  light. 

The  maximum  solution  temperature  was  determined  to  be  525 * C .  Material 
solutionized  above  this  temperature  exhibited  extensive  incipient  melting  of 
the  second  phase  constituents  at  the  grain  boundaries.  For  example,  at 
535’C  the  powder  structure  was  completely  annihilated  in  1/2  hour  and  large 
recrystallized  grains  in  the  range  of  l00-500iim  had  formed. 


Figure  2  Microstructures  resulting  from  (a)  consolidation  by  hot  extrusion, 
(b)  solutionizing  for  1/2  hour  at  450*C,  (c)  at  500*C,  and  (d)  at  525*C. 


The  solutionized  and  water  quenched  samples  were  aged  at  200’C  for 
various  times  until  overaging.  The  precipitation  and  coarsening  behavior  of 
the  metastable  A1 ^Li (6 was  documented  with  TEM  and  hardness  measure¬ 
ments.  A  composite  of  TEM  Photomicrographs  showing  6'  after  various  aging 
times  is  shown  in  Figure  3.  The  photomicrographs  were  taken  in  dark  field 
while  imaging  the  superlattice  reflections.  The  solutionized  and  water 
quenched  samples  showed  a  high  volume  fraction  of  6'  (see  Figure  3a)  indi¬ 
cating  that  the  formation  of  6'  was  not  completely  supressed  by  water 
quenching.  The  presence  of  numerous  antiphase  boundaries  or  stacking  faults 
was  also  evident.  As  aging  began,  coarsening  of  6'  took  place.  In  some 


cases  the  coarsening  was  found  to  be  by  link-up  or  coalescence  of  6'  which 
resulted  in  irregularly  shaped  zones  (see  Figures  3b,  c,  &  d).  The  stacking 
faults  associated  with  5'  were  also  annihilated,  which  might  partially 
account  for  the  increase  in  hardness  during  aging.  Beyond  the  peak  aged 
condition,  the  6'  became  larger  and  more  spherical  as  shown  in  Figures  3d 
and  3e  for  30  to  50  hours  of  aging,  respectively.  The  volume  fraction  also 
decreased  with  overaging,  owing  to  the  nucleation  and  growth  of  the 


Figure  3  TEM  Photomicrographs  of  the 
precipitation  and  aging  behavior  of 
the  6'  at  200°C:  (a)  solutionized 

and  water  quenched,  (b)  2  hrs.  aging, 
(c)  5  hrs,  (d)  30  hrs.,  and  (e)  50 


intermediate  AloLiMg  phase.  THe  A^liMg  was  observed  to  preside  nonuni- 
formly  within  trie  matrix  or  at  the  grain  boundaries,  indicating  heterog¬ 
eneous  nucleation  of  the  phase. 


Rol 1 inq 

The  response  of  the  solutionized  and  water  quenched  material  to  rolling 
was  examined  at  room  temperature,  300  and  450® C .  The  maximum  reduction  at 
room  temperature  was  approximately  15%  before  fracturing  occurred.  Frac¬ 
turing  occurred  at  45*  to  the  principal  stress  axis,  typical  of  materials 
deforming  by  planar  slip.  When  the  material  was  rolled  at  300*C,  within  the 
6'  precipitation  field,  only  approximately  5%  R.A.  was  possible  before 
fracturing  occurred  by  alligatoring  and/or  axial  splitting.  It  is  believed 
that  the  very  low  ductility  associated  with  rolling  at  this  temperature 
range  could  be  attributed  to  aynamic  strain  aging  (6)  or  a  mechanism  in¬ 
volving  the  cross  slip  of  the  leading  partial  dislocations  and  subsequent 
pinning  of  the  two  separated  partial  dislocations  on  different  planes(7). 
Samples  rolled  at  450*C  were  able  to  be  substantially  reduced  without 
fracturing  if  large  single  pass  reductions  and  excessive  exposure  to  the 
high  temperature  were  avoided. 


Cryogenic  Processing 

In  the  course  of  processing  this  alloy,  a  number  of  problems  associated 
with  rolling  of  the  material  were  encountered.  These  included  surface  and 
edge  cracking,  and  microcracking  which  drastically  deteriorated  the  mechan¬ 
ical  properties  of  the  final  product.  The  problems  existed  even  when  the 
solutionized  and  water  quenched  samples  were  rolled  at  room  temperature  by 
less  than  15%  RA.  These  problems,  however,  were  eliminated  when  the  mate¬ 
rial  was  rolled  at  a  cryogenic  temperature.  To  achieve  this,  the  solution- 
ized-water  quenched  material  was  submerged  in  liquid  nitrogen,  and  subse¬ 
quently  rolled.  Samples  rolled  at  cryogenic  temperatures  exhibited  excel¬ 
lent  ductility  and  were  capable  of  at  least  35%  RA  prior  to  fracturing.  The 
microstructure  of  the  cryo-rolled  material  is  contrasted  with  that  of  the 
hot  rolled  material  in  Figures  4a  and  b,  respectively. 


In  addition  to  the  enhanced  formability,  the  cryo-rolled  material 
exhibited  a  unique  microstructural  feature  of  what  appears  to  be  deformation 
bands  or  twins.  At  this  time  conclusive  x-ray  diffraction  evidence  is  not 


Figure  4  Optical  Photomicrographs  using  polarized  light,  showing  (a)  the 
cryogenical ly  rolled  structure,  and  (b)  the  as  hot  rolled  structure.  Note 
the  evidence  of  possible  twins  in  the  cryo-rolled  material. 


available  to  determine  whether  the  microstructural  feature  is  due  to  twin¬ 
ning  or  deformation  bands.  Nevertheless,  three  observations,  in  addition  to 
the  metallographic  evidence,  were  made  which  support  twinning  over  deforma¬ 
tion  bands.  First,  the  degree  of  disorder  in  the  6'  precipitate  state  was 
critical  to  the  occurrence  of  the  microstructural  feature.  Any  material 
which  was  aged,  resulting  in  a  significant  ordering  of  the  U2  material,  did 
not  twin  and  fractured  early.  The  destruction  of  the  A-B  type  bonds  during 
twin  formation  apparently  presents  an  insurmountable  energy  barrier  thus 
causing  fracture.  A  similar  structural  dependence  or  degree  of  ordering  on 
the  formation  of  twins  has  also  been  observed  in  FeAl  alloys  (9).  Second, 
there  was  a  critical  strain  required  for  the  onset  of  the  microstructural 
feature,  generally  15%  RA.  Third,  reductions  in  excess  of  about  15%  caused 
the  distinctive  ping  normally  associated  with  twin  formation.  Because  of 
the  above  reasons,  we  believe  the  microstructural  feature  of  the  cryo-rolled 
material  is  due  most  likely  to  twinning.  It  should  be  noted  it  is  commonly 
believed  that  deformation  twinning  does  not  occur  in  FCC  materials. 
Notwithstanding,  twinning  has  been  clearly  documented  in  several  FCC  mate¬ 
rials  under  various  conditions  (10-13). 

The  twinning  also  provides  a  rationale  for  the  extended  ductility 
because  the  twinned  or  reoriented  structure  can  provide  new  orientations 
favorable  for  continued  slip,  and  hence  more  uniform  deformation.  Also 
twinning  would  effectively  decrease  the  grain  size  resulting  in  an  increased 
work  hardening  rate  and  therefore  a  higher  uniform  strain  before  instabil¬ 
ity. 


When  the  cryo-rolled  material  was  aged  below  the  6'  solvus,  its  precip¬ 
itation  morphology  was  similar  to  that  of  the  conventionally  rolled  mate¬ 
rials.  On  the  other  hand,  in  contrast  with  the  latter  samples,  precip¬ 
itation  heat  treatment  of  the  cryo-rolled  samples  at  slightly  above  the  6' 
solvus  resulted  in  the  formation  of  fine  and  homogeneously  distributed 
Al2liMg  precipitates.  TEM  photomicrographs  of  the  structures  generated  by 
cryo-rolling,  followed  by  precipitation  at  325‘C  for  30  minutes,  and  at 
350'C  for  10  minutes  are  shown  in  Figure  5a  and  b,  respectively.  The 
samples  were  reduced  35%  at  the  cryogenic  temperature.  The  uniform  and  high 
density  of  the  Al2LiMg  can  be  clearly  seen  in  these  figures.  The  AULiMg 
precipitates  were  generally  irregular  in  shape,  and  had  an  average  diameter 
less  than  1  pm.  A  similar  treatment  was  done  on  samples  with  50%RA.  The 
res*  Its  indicated  that  there  was  little  difference  between  the  size  and 


distribution  of  Al2LiMg  between  35%  and  50%  RA.  Therefore,  35%  RA  was 
considered  sufficient  to  produce  a  uniform  defect  structure  and  hence 
uniform  distribution  of  AloLiMg.  Also  evident,  as  shown  in  Figure  5c,  was  a 
polygonized  dislocation  substructure  between  the  Al2LiMg  precipitates. 

Mechanical  Properties 

The  elastic  modulus  (E),  shear  modules  (G),  and  poison's  ratio  v  of  the 
as  extruded  structure,  as  determined  by  an  ultrasonic  technique,  were: 

G  =  4.45  x  lof  psi 
E  =  11.4  x  106  psi 
u  =  0.278 


The  hardness  vs  aging  time  data,  determined  upon  aging  at  175,  200, 

225,  250,  and  275’C,  are  shown  in  Figure  6.  Table  I  lists  the  average  yield 
strength  (YS),  ultimate  tensile  strength  (UTS)  and  elongation  to  fracture  of 
the  samples  processed  under  the  specified  techniques.  Initially,  a  baseline 
for  the  standard  precipitation  heat  treatment  was  conducted  for  aging  times 
of  5,  24,  50,  and  72  hours  at  200'C.  Examination  of  the  tensile  results 


showed  that- the  strength  values  varied  considerably  from  underaged  through 
overaged,  but  the  ductility  remained  consistently  low.  The  maximum  average 
ductility  was  about  2.8%  when  the  material  was  overaged  at  200‘C  for  50 
hours.  It  was  also  noted  that  the  peak  hardness  aging  time  did  not  corre¬ 
spond  to  the  peak  tensile  strength  aging  time.  This  may  be  due  to  the 
difference  in  the  amount  of  strain  for  the  two  testing  techniques  (the 
hardness  indentation  puts  a  high  amount  of  local  strain,  whereas  the  tensile 
tests  are  limited  in  the  amount  of  strain). 


0.2pm 


0.5  pm 


Figure  5  TEM  Photomicrographs 
showing  the  structures  generated  by 
35%  RA  at  cryogenic  temperatures  and 
precipitation  heat  treatment  at  (a) 
320 'C  for  1/2  hour,  and  (b)  350‘C  for 
10  minutes.  Shown  in  (c)  is  the 
polygonized  dislocation  substructure 
between  the  precipitates. 


The  effects  of  different  cyro-mechanical  processes  and  dispersion 
strengthening  with  the  equilibrium  A^LiMg  phase  on  the  mechanical 
properties  are  also  shown  in  Table  I.  Among  the  cryo-rolled  samples,  the 
effect  of  the  amount  of  the  cyro-rolling  on  the  properties  is  very  small. 
This  can  be  seen  by  comparing  sample  F  and  G  which  show  only  an  approximate 
2  ksi  drop  in  YS  and  UTS  for  20%  RA  as  opposed  to  35%  RA.  The  elongation  to 
fracture  is  also  similar  for  the  two  samples.  The  effect  of  time  at  the 
precipitation  temperature  is  also  minor,  with  only  a  slight  variance  in 
elongation  (compare  samples  F  and  H,  or  G  and  I).  However,  the  precipi¬ 
tation  temperature  has  a  pronounced  effect  on  the  properties  (compare  sample 
K  to  samples  F-J).  The  results  of  sample  K  show  that  the  yield  strength  and 
UTS  of  the  cryo-rolled  material  can  be  improved  significantly  by  precip¬ 
itation  hardening  below  the  6'  solvus.  However,  the  process  reduces  the 
ductility  to  that  of  the  peak-aged  samples. 


Comparison  of  mechanical  properties  of  the  Cryo-mechanically  processed 
samples  to  the  conventionally  peak  aged  samples  shows  comparable  UTS  and  a 
better  than  2x  improvement  in  elongation  to  fracture  or  ductility.  The 
yield  strength  of  the  cryo-rolled  samples  is  lower  than  that  of  the  samples 
aged  24  hours,  but  higher  than  that  of  the  samples  aged  50  hours.  All  cryo- 
mechanically  processed  samples,  except  J  and  K,  show  the  considerable 
improvement  in  ductility. 

To  further  examine  the  effect  of  deformation  at  cryogenic  temperatures, 
the  material  was  rolled  at  room  temperature  to  10%  RA  and  dispersion  heat 
treated  at  350 ‘C  for  10  minutes.  The  tensile  results  (Sample  E)  show  a 
decrease  in  Y.S.  (8  ksi),  UTS  (4  ksi)  and  a  slight  increase  in  elongation 
when  compared  to  the  cryo-mechanically  rolled  material . 


Figure  6  Hardness  vs  aging  time  at  175,  200,  225,  250  and  275 * C . 


Discussion 


The  cryo-mechanical  processing  examined  in  the  course  of  this  research 
has  drastically  changed  the  microstructure  from  that  of  the  conventional  6' 
precipitation  strengthened  processes  to  a  dispersion  and  dislocation  sub¬ 
structure  strengthened  microstructure.  The  manifestations  of  this  new 
microstructure  will  be  discussed  and  contrasted  with  the  conventional 
process. 

The  microstructural  results  of  the  6'  strengthened  alloy  presented 
earlier  indicated  that  the  b'  remains  coherent  during  aging  and  the  Al2LiMg 
nucleates  heterogeneously  and  nonuniformly  upon  overaging.  All  structures 
which  contained  6',  whether  underaged  or  overaged,  possessed  brittle  charac¬ 
teristics.  These  results  again  confirm  early  reports  that  the  coherent  and 
shearable  nature  of  the  6'  precipitate  promotes  heterogeneous  planar  slip, 
and  hence  low  ductility  and  toughness.  In  the  overaged  condition,  the 
problem  is  compounded  by  the  existance  of  PFZ  near  the  grain  boundaries. 

An  alternative  method  of  strengthening  is  to  use  the  Al2LiMg  phase 
particles  as  a  dispersion  strenthener.  The  semicoherent  nature  of  the 
Al2liMg  phase  should  render  it  impenetrable  to  dislocations  and  therefore, 
provide  for  homogeneous  deformation  and  enhanced  ductility.  Conventional 
processing  (i.e.,  solution  and  precipitation  heat  treatment)  produces  a 
nonuniform  distribution  of  Al2LiMg,  due  to  its  heterogeneous  nucleation.  On 
the  other  hand,  the  high  defect  density  associated  with  uniform  deformation 
at  cryogenic  temperatures  provided  extensive  sites  for  the  nucleation  of 
Al2LiMg. 

The  most  significant  benefit  resulting  from  the  cyro-processing  is  the 
better  than  2x  improvement  in  ductility,  with  comparable  UTS  and  a  slight 
loss  of  Y.S.  The  extensive  increase  in  ductility  more  than  offsets  the 
decrease  in  Y.S.,  and  provides  improved' toughness  also.  Figure  7  shows  a 
comparison  of  the  toughness  of  samples  B  and  F.  The  area  under  the  o-E 
curve  shows  the  improvement  in  toughness  for  the  Cryo-mechanical  process. 


Figure  7  Stress-strain  curves 
showing  the  toughness 
improvement  by  the  cryo- 
mechanical  processing 
compared  to  the  conventional 
precipitation  heat  treatment. 


The  increased  ductility  associated  with  cryo-deformation  might  be  due  to 
twinning.  However,  more  experiments  are  necessary  to  verify  this.  It  is 
believed  that  the  reduction  in  temperature  may  have  caused  a  reduction  in 
stacking  fault  energy  (SFE)  since  twin  formation  requires  a  low  SFE,  or 
possibly  raised  the  flow  stress  for  slip  such  that  the  critical  twinning 
stress  was  reached. 

It  should  be  noted  that  the  alloy  studied  in  this  research  was  designed 
for  6'  strengthening.  It  is  believed  that  the  alloy  composition  can  be 
modified  to  improve  the  results  of  the  cryo-processing.  For  example,  the  Li 
content  can  be  further  increased,  which  would  result  in  (1)  an  increase  in 
the  volume  fraction  of  AULiMg  leading  to  an  increase  in  strength,  (2) 
density  reduction,  and  (3)  modulus  increase.  In  addition,  if  Li  decreases 
the  stacking  fault  energy  of  Al,  increased  additions  of  Li  could  result  in  a 
further  reduction  in  SFE  and  increased  twinning,  thereby  providing  greater 
enhancement  of  the  uniform  elongation.  Other  alloying  elements  may  be  added 
to  possibly  co-precipitate  with  Al2LiMg. 

When  material  requirements  for  aircraft  structures  are  considered,  it 
is  necessary  to  optimize  strength  along  with  toughness,  FCP,  and  SCC. 
Generally,  improvements  in  ductility  and  toughness,  when  using  second 
phases,  require  a  compromise  in  strength.  The  principle  controlling  param¬ 
eters  are  particle  size,  shape,  and  deformability  (14).  Hence,  it  is  the 
properties  of  the  second  phase  chosen  which  will  give  the  optimum  strength 
and  ductility.  As  such,  there  are  two  limits  between  which  second  phases 
should  be  chosen  in  order  to  avoid:  1)  brittle  particles  and  cracking 
during  deformation,  and  2)  easy  shearing  of  particles  and  the  resultant 
heterogeneous  planar  slip.  The  cryo-mechanical  process  eliminates  the 
problem  of  particle  cutting  and  heterogeneous  planar  slip.  Although  the 
ductility  of  the  Al2LiMg  is  unknown,  cracking  was  not  observed  in  any  of  the 
SEM  examinations  of  the  fractures,  and  it  may  be  inferred  that  the  second 
phase  (Al2LiMg)  does  not  have  brittle  characteristics. 


Conclusions 

Rapidly  solidified  powder  of  composition  Al-3tLi-5.5XMg-0.2IZr,  made  by 
an  inert  centrifugal  gas  atomization  process,  was  characterized  and  subse¬ 
quently  consolidated  by  hot  extrusion.  The  response  of  the  consolidated 
material  to  solution  and  precipitation  heat  treatments,  and  rolling  defor¬ 
mation  was  examined  using  light,  scanning  electron,  and  transmission  elec¬ 
tron  microscopy.  The  results  indicated  that  the  material  exhibited  low 
ductility,  caused  by  the  shearable  nature  of  the  coherent  strengthening 
phase,  6'  (AljLi).  In  the  course  of  this  study,  a  unique  process  for 
dispersion  strengthening  of  the  alloy  by  Al2LiMg  precipitates  was  utilized 
to  improve  the  ductility  and  toughness.  The  technique  involved  cryogenic 
forming  of  the  solutionized  material,  followed  by  a  precipitation  heat  treat¬ 
ment  above  the  6'  solvus.  The  tensile  properties  resulting  from  this  process 
when  compared  with  those  of  the  conventional  age  hardening  process  showed  a  2x 
improvement  in  ductility,  comparable  UTS,  and  a  slight  reduction  in  YS. 
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Table  I 

Tensile  properties  of  an  A1-3%Li-5.5%Mg-0.2%Zr  alloy 
processed  by  different  techniques* 


1  Conventional 

Process** 

No.  of 
Samples 

Y.S.  (Ksi) 
Average 
(Range) 

TTTTk?TT 

Average 

(Range) 

Elongation  ( 
Average 
(Range) 

Aged  at  200 'C 

for  5  hours 

2 

34.5 

48.5 

2.7 

(29.3-39.7) 

(43.1-53.9) 

(2. 2-3. 2) 

Aged  at  200 ‘C 

for  24 

hours 

2 

48.7 

65.2 

2.2 

(40.0-57.4) 

(59.1  71.3) 

(2. 0-2. 4) 

Aged  at  200 *C 

for  50 

hours 

3 

32.5 

71.4 

2.8 

(37.0-40.9) 

(63.8-77.2) 

(2. 0-3.8) 

Aged  at  200 'C 

for  72 

hours 

2 

23.7 

45.5 

2.5 

(20.8-26.7) 

(41.6-49.4) 

(2. 2-2. 8) 

Conventional  Cold  Rolling 

10%  cold  roll  (R.T.)  and  precipi¬ 
tation  heat  treated  at  350'C  for 

10  min. 

3 

29.2 

(29.3-30.2) 

57.1 

(55.6-59.2) 

6.0 

(5. 2-7. 3) 

Cryo-Rolling  * 

35%  cryo-rolled  and  precipitation 
heat  treated  at  350'C  for  10  min. 

7 

37.7 

(35.6-40.0) 

61.3 

(59.4-64.1) 

5  4 

(4. 0-6. 2) 

20%  cryo-rolled  and  precipitation 
heat  treated  at  350'C  for  10  min. 

4 

35.3 

(34.8-55.5) 

59.3 

(54.8-61.7) 

5  5 

(3. 5-6. 5) 

35%  cryo-rolled  and  precipitation 
heat  treated  at  350'C  for  5  min. 

2 

38.7 

(38.1-39.4) 

60.8 

(60.4-61.2) 

4.4 

(4. 0-4. 9) 

20%  cryo-rolled  and  precipitation 
heat  treated  at  350'C  for  5min. 

2 

35.3 

(34.4-36.3) 

58.8 

(57.0-60.6) 

4.9 

(4. 6-5. 2) 

20%  cryo-rolled  and  precipitation 
heat  treated  at  350'C  for  10  min 
plus  5  hrs  at  200'C 

3 

33.8 

(33.5-34.0) 

56.2 

(54.7-58.6) 

3.2 

(2. 8-3. 8) 

35%  cryo-rolled  and  precipitation 
heat  treated  at  200'C  for  5  hours 

3 

53.8 

(52.4-55.2) 

67.5 

(65.7-70.9) 

1.7 

(1.2-2. 3) 

For  samples  with  1  in.  gage  length,  and  0.11  x  0.255  in.  cross  section. 

The  samples  were  hot  extruded,  hot  rolled  and  sol ut ionized  prior  to  the  specified 
processing. 

The  as-extruded  material  was  solutionized  and  water  quenched  prior  to  the  specified 
processing. 


_  j  APPENDIX  D 

Refining  of  Niobium  by  Levitation 
Melting  Technique 

- R.I.  Asfahani,  D.S.  Shahapurkar,  Y.V.  Murty,  J.A.  Patchett  and  G.J.  Abbaschian 


SUMMARY 

The  refining  behavior  of  niobium,  produced  by  an  aluminothermic  reduc¬ 
tion  reaction  of  NbsOs,  was  studied  using  an  electromagnetic  levitation  and 
melting  technique.  Under  experimental  conditions,  significant  refinement  of 
niobium  thermite  occurred  during  levitation  melting.  Residence  time  plays  a 
significant  role  in  the  refining  process,  and  the  refining  kinetics,  during 
levitation  melting,  correlate  well  with  the  approximate  equations  for  desorption 
of  nitrogen  and  carbon.  The  purity  of  the  levitation-melted  product  is  com¬ 
pared  to  that  of  niobium  processed  by  the  conventional  EB  drip-melting 
process. 

INTRODUCTION 

Although  high-purity  niobium  (Nb)  is  available  in  commercial  quantities 
for  chemical,  aerospace,  and  electronic  applications,  very  little  is  known 
about  its  purification  mechanisms  during  processing.  Electron-beam 
remelting  techniques,1  including  continuous  drip  melting  and  cold  hearth 
melting  (in  water-cooled  copper  crucible),  and  zone  refining,2  are  by  far  the 
well-established  commercial  techniques  for  processing  Nb.  The  latter 
technique,  however,  is  only  used  for  very  specific  small-scale  applications. 
A  schematic  of  the  EB  drip  melting  process,  most  widely  used  in  refining 
refractory  metals,  is  shown  in  Figure  1,  along  with  a  commercial  scale  1200 
kW  EB  melting  furnace  used  at  KBI  (a  division  of  Cabot  Corporation)  in 
refining  Ta,  Nb,  and  their  alloys  containing  Ti,  W,  Mo,  and  Hf. 

During  EB  melting,  refining  occurs  through  vacuum  evaporation  of  volatile 
metallic  or  non-metallic  impurities.  The  initial  refining  starts  with  EB 
drip  melting  of  a  consolidated  charge  (fed  either  horizontally  or  vertically) 
at  a  pressure  of  roughly  10~2  Pa.  The  molten  metal  is  solidified  in  a 
water-cooled  crucible  and  the  cast  ingot  is  slowly  withdrawn  at  a  rate 
proportional  to  the  melt  rate.  The  final  refining  is  achieved  using  single  or 
multiple  remelts  by  lowering  the  consumable  ingot  charge  in  the  EB  furnace 
to  produce  a  homogeneous  ingot  with  a  smooth  surface  finish.  The  varia¬ 
bles  that  control  the  refining  characteristics  include  the  vacuum  level,  the 
effective  surface  area  exposed  to  the  ambient  furnace  atmosphere,  the  melt 
superheat,  and  the  fluid  flow  pattern  within  the  melt  pool. 

In  EB  drip  melting,  the  refining  takes  place  by  vacuum  evaporation 
during:  (a)  melting,  (b)  dripping  of  the  droplet,  and  (c)  solidification.  A 
similar  mode  of  refining  exists  in  the  hearth  melting  process.  One  essen¬ 
tial  difference,  however,  is  the  presence  of  a  hearth  where  the  consumable 
electrode  is  melted  to  form  a  shallow  melt  pool  which  offers  more  surface 
area  for  evaporating  volatile  elements.  It  also  gives  more  residence  time 
for  non-metallic  impurities  to  reach  the  surface  for  subsequent  removal  by 
gravity  separation. 

Existing  bulk  electron-beam  melting  techniques  do  not  allow  precise 
control  of  residence  time  and  temperature  distribution  within  the  molten 
pool  to  a  degree  where  meaningful  knowledge — the  kinetics  of  refining  as 
a  function  of  the  process  variables — can  be  achieved.  Much  of  the  available 
information  on  the  purification  of  Nb  has  been  obtained  by  empirical 
methods. 

The  high-melting  point  of  Nb  (approx.  2473°C),  together  with  its  reactive 
characteristics,  makes  difficult  the  utilization  of  conventional  experimental 
techniques  for  obtaining  reliable  information  on  the  purification  character¬ 
istics  of  impurities  under  controlled  conditions. 

Levitation  melting,  on  the  other  hand,  is  a  well-established  technique.3 
It  has  been  used  in  studying  oxidation  and  carburization,4-7  solidification.4  9 
and  grain  refining10  of  several  alloy  systems.  This  technique’s  inherent 
advantages  include  non-contamination  due  to  its  containerless  feature,  melt 
homogeneity  due  to  effective  magnetic  stirring,  precise  temperature,  time 
and  atmospheric  control  during  melting  and  melt  holding.  Although  this 
technique  has  been  known  for  some  time,  recent  interest  in  materials 


1 - AXIAL  GUNS 

2- ELECTROOE 

3- MELT  DROPLET 

4- WATER  COOLED  MOLD 

5- RETRACT  ABLE  INGOT 

Figure  1  (a).  Typical  Arrangement  for  Drip 
Melting  Used  in  EB  Melting  Unit. 


Figure  i  (b).  A  Commercial  1200-kW  EB 
Melting  Furnace  Used  at  KBI — a  Division  of 
Cabot  Corporation. 
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processing  in  space  (low-gravity  conditions)  has  rekindled  several  efforts  to 
study  refining  and  solidification  characteristics  in  highly  controlled  and 
pure  ambient  conditions. 

In  this  study,  the  levitation  melting  technique  was  employed  in  examining 
the  refining  behavior  of  Nb.  The  starting  material  used  was  impure  niobium 
m  the  form  of  Nb-thermite  produced  by  aluminothermic  reduction  of  NbaOs- 
similar  input  charge  is  used  in  producing  commercial-grade  niobium  by 
EO  refining.  A  typical  chemical  analysis  of  the  thermite  is  compared  with 
i  'nmercial  purity  Nb  in  Table  I.  Note  that  the  refining  operation  has 
r:  proved  the  purity  of  the  thermite  from  93-95%  to  99.96  w/o. 


Table  I:  Analysis  of  Niobium 


Thermite 

EB  Melting 

Levitation  Melting 

Element 

(Typical) 

(Typical) 

1  min. 

7  min. 

A1 

3.6-4.3  wt.% 

<10  ppm 

NA 

NA 

B 

30-80  ppm 

<  10  ppm 

C 

700-800  ppm 

<25  ppm 

659 

415 

Cr 

200-700  ppm 

<10  ppm 

Fe 

1000-4000  ppm 

<10  ppm 

N- 

500-900  ppm 

5-30  ppm 

539 

507 

O 

4000-5000  ppm 

50-100  ppm 

895 

591 

Si 

700-1000  ppm 

<10  ppm 

Sr 

10-15  ppm 

<10  ppm 

Ta 

300-1200  ppm 

<500  ppm 

Ti 

10-20  ppm 

<10  ppm 

W 

100-200  ppm 

<100  ppm 

Zr 

<  10  ppm 

<10  ppm 

Nb 

93.0-95.0  wt% 

99.0-99.6  wt% 

EXPERIMENTAL  PROCEDURE 

The  schematic  of  the  levitation  melting  apparatus  and  the  experimental 
itup  with  the  levitation  coil  and  the  specimen-holding,  chamber  are  shown 
i  Figure  2.  The  levitation  coil  incorporates  two  reverse-wound  water- 
xiled  copper  coils.  The  lower  coil  is  double-wound  and  slightly  conical  in 
hape,  measuring  about  16-mm  inner  diameter  at  the  bottom  winding  of 
he  cone.  The  gap  between  the  upper  and  lower  coil  is  about  5-mm  and  can 
>e  varied  according  to  sample  weight  and  geometry. 

The  sample  chamber  consists  of  a  glass  tube  open  at  both  ends  and 
connected  to  a  gas  delivery  system  to  allow  control  flow  of  high-purity 
argon.  The  argon  was  purified  with  a  gas  purifier  utilizing  titanium  chips 
at  800°C  as  a  “getter”.  The  oxygen  content  of  the  purified  gas  was 
continuously  monitored  using  a  solid-state  electrolyte  and  determined  to  be 
10-is  ppm. 

The  thermite  samples,  weighing  approximately  1  gm,  were  lowered  into 
the  levitation  coil  using  a  sample  positioner.  The  sample  positioner  was 
removed  from  the  electromagnetic  field  as  soon  as  the  solid  sample  was 
levitated.  Each  sample  was  melted  under  a  continuous  flow  of  argon  at  a 
partial  pressure  of  13.0  Pa  and  was  held  for  a  specific  residence  time.  The 
temperature  of  the  sample  was  monitored  using  a  two-color  pyrometer. 
After  a  specific  holding  time,  the  power  to  the  coil  was  turned  off  and  the 
liquid  sample  dropped  onto  a  copper  chill  placed  immediately  below  the 
levitation  coil.  The  droplets,  after  solidification,  took  the  shape  of  a  round 
splat  with  a  thickness  of  approximately  2-3  mm  at  the  center. 

RESULTS  AND  DISCUSSIONS 

The  microstructure  of  the  initial  Nb-thermite  sample  is  shown  in  Figure 
3.  The  elemental  distribution  within  the  matrix  is  more  clearly  seen  from 
the  X-ray  maps  shown  in  Figure  4.  The  microstructure  of  the  Nb-thermite 
consists  of  a  niobium-aluminum  solid  solution  phase  containing  small 
amounts  of  iron  and  carbon,  AI2O3  and  Nb2C  inclusions. 

The  microstructures  of  two  levitation-melted  samples,  held  for  1  and  6 
minutes  of  the  melt  residence  time  in  liquid  state,  are  shown  in  Figure  5. 
The  corresponding  X-ray  energy  dispersive  spectra  for  these  two  residence 
times  are  shown  in  Figure  6.  It  is  significant  to  note  that  considerable 
microstnictural  refinement  has  occurred  even  after  one  minute  of  the  melt 
residence  time.  The  heavy  dendritic  coring  (solute  segregation)  seen  in  the 
starting  material.  Figure  3,  has  been  reduced  considerably,  as  revealed  by 
he  etched  microstructures.  The  etchant  used,  consisting  of  10%  HNO3. 


(b) 


Figure  2.  Levitation  Melting  Apparatus:  (a)  the 
schematic  of  the  experimental  setup;  and  (b) 
double-wound  induction  coil. 


(b) 


Figure  3  Photomicrographs  of  niobium  ther¬ 
mite  produce  by  Aluminothermic  Reduction  ol 
NbjGi  at  (a)  500 X.  and  (b)  100X. 
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(b) 


Figure  6.  The  x-ray  energy  spectra  of  niobium 
matnx  with  melt  residence  time  of  a  (a)  one 
minute,  and  (b)  six  minutes. 


Figure  4.  Constituent  phases  in  niobium 
thermite:  (a)  scanning  electron  micrograph;  and 
x-ray  topographical  maps  of  (b)  aluminum,  (c) 
niobium,  (d)  oxygen,  (e)  carbon,  and  (f)  iron. 


15%  H2SO4,  and  20%  HF  solution  (balance  H2O),  is  especially  sensitive  to 
the  compositional  variations  within  Nb  matrix.  The  X-ray  energy  spcct  a. 
Figure  6a,  indicates  the  presence  of  some  residual  amount  of  aluminum  in 
samples  with  one  minute  of  the  melt  residence  time.  The  residual  aluminum 
had  completely  disappeared  after  6  minutes  of  levitation,  as  evidenced  by 
the  X-ray  spectra  or  Figure  6b,  and  by  the  absence  of  etching  contrast  in 
the  microstructure.  Figure  5d.  Longer  residence  times,  up  to  ten  minutes, 
showed  no  measurable  changes  in  microstructural  features.  It  should  be 
noted  that  the  photomicrographs  of  the  samples  with  1  and  6  minutes  of 
levitation,  at  higher  magnifications  (Figures  5b  and  5d),  exhibit  some  dark 
spots  resembling  second-phase  particles.  The  spots  are  actually  etch  j  ts 
produced  during  electropolishing,  as  confirmed  by  SEM  examination. 

Examination  of  microstructures  in  Figures  3a,  5a.  and  5c,  indicates  a 
gradual  coarsening  of  dendritic  structures  associated  with  the  refinement. 
This  effect  is  particularly  more  pronounced  in  the  zones  near  the  me  tl- 
copper  chill  contact,  as  shown  in  Figures  5a  and  5c.  The  columnar  region 
(A)  corresponds  to  the  zone  near  the  chill  substrate  contact  where  a  re  a- 
tively  higher  thermal  gradient  and  hence  higher  cooling  rate  existed  during 
solidification.  The  equiaxed  region  (B)  corresponds  to  regions  close  to  the 
free  surface  of  the  sample  where  a  relatively  lower  thermal  gradient  and 
slower  cooling  rate  existed.  The  removal  of  interstitual  elements  such  as 
0,  C,  N,  and  H,  in  addition  to  the  removal  of  A1  and  Fe,  contributes  to 
grain  coarsening.  This  tendency  is  typical  during  solidification  of  pure 
materials,  where  the  lack  of  constitutional  supercooling  effects  and  grain 
growth  inhibitors  promote  the  growth  of  larger  crystals.  This  is  one  reason 
why  pure  metals  exhibit  larger  grain  sizes  compared  to  alloys.  Accordingly, 
the  coarsening  of  the  microstructure  can  be  used  as  a  qualitative  measure 
of  the  degree  of  refinement  that  has  taken  place. 

The  chemical  purity  of  the  refractory  metals  is  often  monitored  through 
the  hardness  measurements  of  the  material.  At  small  concentrations,  the 
hardness  is  directly  proportional  to  the  total  concentration  of  interstitial 
elements,  such  as  0,  N,  C,  and  H.  Thus,  the  hardness  of  the  material 
provides  an  easily  measurable  parameter  for  assessing  the  overall  purity. 
The  variation  in  microhardness,  measured  on  polished  specimens,  as  a 
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function  the  melt  residence  time  is  plotted  in  Figure  7.  Also  included  in 
tht-  plot  is  the  typical  microhardness  of  the  commercial  purity  niobium 
produced  by  EB  melting.  Note  that  the  microhardness  has  gradually  de¬ 
creased  with  the  melt  residence  time,  but  levels  off  after  about  300  seconds. 
This  is  further  corroborated  by  the  variation  in  the  interstitial  content 
it '  -N+O)  of  the  samples  with  various  melt  residence  times,  as  shown* in 
Figure  8.  / 

During  the  initial  stages  of  levitation  melting,  a  white  fume  evolved 
-om  the  sample  at  approximately  1800°C,  which  condensed  onto  the  cham¬ 
ber  walls.  The  initial  melting  of  the  sample  took  place  around  2060°C,  and 
he  sample  was  completely  molten  by  2100°C.  The  emission  of  white  fume 
-■used  after  about  4  minutes  of  holding  time.  The  powdered  deposit  was 
,'ilected  and  analyzed  using  X-ray  diffraction  technique  in  few  cases.  The 
nalysis  of  the  resulting  diffraction  pattern  showed  definite  presence  of 
U2O3,  NbN,  Al,  and  Fe.  Additional  diffraction  lines  were  also  present 
vhich  could  not  be  indexed.  It  should  be  noted  that  no  niobium  oxide  was 
ietected  in  the  deposit.  The  visual  observations,  coupled  with  the  microstruc- 
ural  changes  and  the  chemical  analysis  of  the  sample,  indicate  that  the 
wlk  of  the  thermite  is  purified  in  early  stages  of  levitation  up  to  5 
minutes,  beyond  which  the  rate  of  purification  slows  down.  This  suggests 
that  the  present  levitation  system  can  be  safely  employed  to  achieve  only 
limited  purification.  A  major  difference  between  the  EB  melting  and  the 
present  levitation  experiments  is  that  the  refining  takes  place  in  a  vacuum 
(0.1  Pa)  in  the  former  process,  whereas,  the  refining  in  the  latter  process 
was  in  a  continuous  flow  of  argon  gas.  Another  difference  between  the 
processes  is  the  refining  temperature.  The  temperature  of  the  levitation 
melted  samples  was  estimated  to  be  in  the  range  of  2000-2500°C  during 
the  course  of  the  experiments.  On  the  other  hand,  the  temperature  achieved 
during  electron  beam  melting  is  believed  to  be  in  the  range  of  2800-3000°C. 
The  difference  in  refining  temperatures  could  account  for  the  rapid  purifica¬ 
tion  rates  observed  during  EB  melting.  The  kinetics  of  the  purification 
process  are  extremely  complex  regardless  of  electron  beam  or  levitation 
melting  techniques  employed.  The  overall  refining  process,  assuming  no 
chemical  reaction,  consists  of  a  number  of  elemental  steps.  These  include 
the  dissolution  of  inclusions,  mass  transport  to  the  surface,  the  disorption 
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Figure  7.  The  variation  of  microhardness  as  a 
function  of  melt  residence  time. 
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Figure  8.  Change  in  the  total  impurity  content 
(C+N+H)  of  niobium  as  a  function  of  melt 
residence  time. 


Figure  5.  Photomicrographs  of  levitation  melted 
niobium  with  melt  residence  time  of  one  min¬ 
ute  (a)  50X  magnification,  (b)  400X  magnifica¬ 
tion,  and  with  melt  residence  time  of  six  min¬ 
utes  at  (c)  50X  magnification,  and  (d)  400X 
magnification. 
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of  the  molecular  species  from  the  surface,  and  the  subsequent  mass  trans¬ 
fer  through  the  vapor  boundary  layer  surrounding  the  sample.  It  is  also 
apparent  from  our  work  that  the  assumption  of  the  absence  of  chemical 
reactions  is  incorrect.  This  introduces  still  further  complications  in  deter¬ 
mining  the  overall  kinetics,  and  the  large  thermal  gradient  surrounding 
the  sample  complicates  the  problem  further  still.  Nevertheless,  in  an  effort 
to  determine  the  kinetics  of  the  refinement  during  levitation,  the  intersti¬ 
tial  elemental  concentrations  can  be  estimated  using  the  following 
equations:11,12 
For  oxygen, 

(a)  LogiCt/Co)  =  -<F/M)  x  t  x  5.87  x  1010  x  EXP(-S.53  x  104/T) 

For  nitrogen, 

(b)  Log(Co/Ct)  =  l-MF/MlCo  x  t  x  5.55  x  1012  x  EXB-6.25  x  104T) 
where  C0  is  initial  concentration  (grams/grams  of  samples),  Ct  is  momen¬ 
tary  concentration  at  time  t,  F  is  the  surface  area  in  cm2,  M  is  the  mass  of 
sample  in  grams,  t  is  the  time  in  minutes,  and  T  is  the  absolute  tempera¬ 
ture  in  K.  In  Nb-0  system,  deoxidation  can  occur  by  volatalization  of 
suboxides  or  desorption  of  elemental  oxygen.  These  reactions  take  place 
concurrently  with  the  volatilization  of  the  base  metal  itself.  Considering 
the  kinetics  of  these  reactions,  it  has  been  established  that  volatilization  of 
the  suboxides  predominates  in  the  removal  of  oxygen,  which  has  been  the 
basis  for  the  rate  equation  for  deoxidation.  The  equation  describing  the 
kinetics  of  denitrogenization  has  been  derived  assuming  equilibrium  condi¬ 
tions  between  gaseous  phase  (pure  N2)  and  the  condensed  phase  (N2  dis¬ 
solved  in  Nb).  The  decarburization  of  Nb  is  considered  to  be  due  to  the 
chemical  reaction  between  oxygen  and  dissolved  carbon  forming  carbon 
monoxide  with  kinetics  similar  to  that  of  oxygen  evolution. 

The  calculated  concentration  levels  of  the  interstitial  elements,  viz.,  C, 
N,  and  0  are  compared  with  the  experimental  data  of  Table  I  in  Figure  8. 
The  calculated  individual  elemental  concentration  levels  compare  well  with 
those  of  nitrogen  and  carbon  with  the  exception  of  oxygen.  As  mentioned 
above,  the  deoxidation  has  been  assumed  to  take  place  due  to  volatilization 
of  suboxides,  rather  than  desorption  of  elemental  oxygen. 

The  usefulness  of  the  levitation  melting  technique  has  been  clearly 
demonstrated  in  studying  the  purification  behavior  of  a  high-melting  point 
of  material  such  as  niobium.  This  technique  can  be  used  to  study  and 
understand  the  kinetics  of  purification  of  other  refractory  metals  as  well. 
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